
RENDERING AND GEOMETRY FROM 

3D GAUSSIAN SPLATTING

SYMPOSIUM ON GEOMETRY PROCESSING



COURSE OVERVIEW

• Duration: 90 minutes

• Introduction to 3DGS (Bernhard Kerbl)

• Artifacts (Thomas Köhler)

• Geometry Extraction Overview (Felix Windisch)



OUR GOAL
• 3D Gaussian Splatting is

novel-view synthesis

• Predict custom views 
from images and poses

• Our Goals
• Real-time rendering

• High quality

• Fast and easy to obtain

• Reasonably compact



4SfM Points



5Splatting



TRAINING TIMELAPSE 
(RANDOM INITIALIZATION)



THE PART WE DIDN‘T MENTION YET: 
DENSIFICATION

• Increase Gaussians if necessary

• High positional gradients mark 
demanding regions

• Intuition: XYZ gradient acts as 
a 3D discontinuity detector

• Densify regions incrementally



POSITIONAL GRADIENT

• Caused by Discontinuities

• Between current rendering and target image

• Within the actual target image

• Weaknesses
• Densification occurs primarily in areas that are already dense

• Final model size effectively uncontrollable!

• No method for introducing user priors



3D GAUSSIAN SPLATTING AS MARKOV CHAIN 
MONTE CARLO (NEURIPS 2024)

• 3DGS starts from SfM points for initialization

• MCMC can use random 
initialization

• Highest 3DGS quality, on par
with best NeRF-based methods 



USEFUL 
GAUSSIAN 

SPLATS

• Dynamic Scenes: 4D Gaussian Splatting

• Inverse Rendering and PBR Gaussians (Relighting)

• Generative AI for 3D Content

• Applications! 3DGS is used for 

• Surface Reconstruction

• Fast Structure-from-Motion and Multi-View Stereo

• Collision and Physics Simulation (Robotics)

• Human Avatars (Full session at SIGGRAPH Asia ’24)



3D GAUSSIAN SPLATTING
EVERYWHERE



𝛼1  + (1 − 𝛼1)𝛼2

3D GAUSSIAN SPLATTING 
& ALPHA BLENDING
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3. Fragment Shader 4. Blending
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REDUCING THE SIZE OF 3DGS SCENES

• Is 3DGS a solution for fast, portable 3D viewing?

• Training speed  Rendering speed  Download speed  

• Generated .ply range from a few dozen MiB to more than one GiB

• Smaller than Plenoxels volumes, but much bigger than NeRF scenes



SHRINK IT DOWN! COMPRESSED 3DGS



THE MEMORY COST OF 3DGS MODELS

• 59 x 4 bytes to represent a single Gaussian

• Millions of them!



3-STEP GAUSSIAN COMPRESSION

• a
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• adf



BRINGING IT ALL TOGETHER: 
3DGS FOR VIRTUAL REALITY

• Small models + artifact-free rendering are vital for a good user experience



3DGS IN VIRTUAL REALITY



SCALING IT UP: LEVEL-OF-DETAIL 3DGS  



A HIERARCHICAL 3D GAUSSIAN 
REPRESENTATION (SIGGRAPH ‘24)

Bernhard Kerbl*, Andreas Meuleman*, Georgios Kopanas, Alexandre Lanvin, Michael Wimmer, George Drettakis



LOD GENERATION, SELECTION & SWITCHING

Generate

Select

Switch



GENERATING HIERARCHICAL LEVELS

● How do cluster multiple Gaussians into one?

● Mean and covariance are well-covered in literature, method to minimize KL divergence:

● What about the weights? We compute them using the product of opacity and surface area



LEVEL-OF-DETAIL SELECTION 
BASED ON DISTANCE AND QUALITY

Layer L Layer L + 2



STREAMING RENDERER PROTOTYPE

● At each point, the 
GPU only renders 
(and stores) the 
selected Gaussians

● As the camera 
moves, Gaussians 
are streamed to, 
and evicted from, 
GPU VRAM



TAMING 3DGS:
HIGH-FIDELITY MODELS IN 10 MINUTES

Saswat Mallick*, Rahul Goel*, Bernhard Kerbl, Francisco Carrasco, Markus Steinberger, Fernando de la Torre



TAMING 3DGS





TOWARDS 
LIGHTNING-FAST 
3D GAUSSIAN MODELS
Generating scene-scale reconstructions in seconds



ATTENTION IS ALL YOU NEED
FOR INSTANT 3D GAUSSIAN SPLATS

• Idea: use transformers (+ attention) to predict per-pixel Gaussians from sparse inputs

• Inductive 3D bias via epipolar attention: Pixelsplat (Charatan et al., 2024)

• Simplify, only exhaustive cross attention: GS-LRM (Zhang et al., 2024)

• Mix Transformers + Mamba: Long-LRM (Ziwen et al., 2024)
• Quadratic complexity in number of tokens painfully slow

• Go from sparse inputs to denser ones with Mamba



FROM UP TO 32 IMAGES, IN 1.3 SECONDS



THANK YOU!

https://repo-sam.inria.fr/fungraph/3d-gaussian-splatting/

https://github.com/graphdeco-inria/gaussian-splatting

Funding: ERC Advanced Grant FUNGRAPH 
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THANK YOU

Felix Windisch

felix.windisch@tugra

z.at

Thomas Köhler

t.koehler@tugraz.at

Bernhard Kerbl

kerbl@cg.tuwien.ac.at
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Artifacts in Gaussian 
Splatting

Thomas Köhler

Symposium on Geometry Processing - 2025
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Source: https://repo-sam.inria.fr/fungraph/3d-gaussian-splatting/
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Artifacts?
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Source: https://cekavis.site/VRSplat/
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Goals

1. Understand origin of artefacts

2. Explore different approaches

3. Overview of latest research
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Popping

• Gaussians are transparent [Kerbl et al. 2023]

• Alpha blending:
• Order dependent

• Easiest: Global sort view space mean
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Popping

Source: https://r4dl.github.io/StopThePop/
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Depth
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Sorting

N Gaussians Per Tile 0

5k

[Radl et al. 2024]
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Order Independent Transparency

• Approximate sort with k-Buffers [Callahan et al. 2005]

• Fixed-size buffers
• Avoids memory overhead of A-buffers

• Blend closest fragments on overflow

• Relies on nearly sorted incoming fragments
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Tile Based Depth

• Depth smooth across neighbouring rays
• Similar sorting order 

• Sort Gaussians per tile

• Higher accuracy

• Avoids per-pixel sort
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Tile Based Depth
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Hierarchical Sorting

• Refine sort oder
• Incrementally smaller tiles

• Sort queues on every hierarchy
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Hierarchical Sorting
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Hierachical Sorting
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StopThePop [Radl et al. 2024]
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Popping
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Hybrid Transparency

• Alternative: Approximate sort with first K Gaussians 
[Hahlbohm et al., 2025]

• Quality – Speed trade-off
• K = 16
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Distortions

Source: https://fhahlbohm.github.io/htgs/
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Splatting
How to get 
plane? 
Does not work out of the box 
Local affine 
Higher 
large Gaussians 
Projection 

?
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Splatting
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Splatting
How to get 
plane? 
Does not work out of the box 
Local affine 
Higher 
large Gaussians 
Projection 
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Error Analysis

• Error increases at 
border 
[Huang et al. 2024]

• Effect increased by 
higher FOV
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Optimal Projection [Huang et al. 2024]
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VRSplat [Tu et al. 2025]
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3D Evaluation
How to get 
plane? 
Does not work out of the box 
Local affine 
Higher 
large Gaussians 
Projection 
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3D Evaluation
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3D Evaluation

• Volumetric consistent
• Self occlusion

• Analytically not possible (overlap)
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3D Evaluation

• Point sampling
• Easy to implement

• Avoids projection error

• Where to sample?

𝝁

𝒐

𝒅

𝜏𝑚𝑎𝑥 =
𝝁 − 𝒐 TΣ−1𝒅

𝒅𝑇Σ−1𝒅
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3D Evaluation
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Aliasing
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Aliasing

• 3DGS has projected 2D Gaussian
• Screen-space filter

• Ensures minimum screen extent → no aliasing

• 3D Evaluation
• Not as easy
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Mip-Splatting [Yu et al. 2024]

• 2D screen-space filter
• Not viable for 3D evaluation

• 3D world space filter
• Used in multiple works
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3D Mip-Filter
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3D Mip-Filter
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Mip-Splatting [Yu et al. 2024]

• At least one camera during training

• Fixed after training!
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Fixed 3D Filter
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Adaptive 3D Filter

• Recompute 3D filter for each rendering view

• Normalizes total volume

• Point sampling does consider volume
• Single point per Gaussian

• Over-regularization
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Adaptive 3D Filter

• Only consider change 
perpendicular to d

• Avoids over-regularization

=
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Over-Sampling

• Gaussians too small in close out-of-distribution views
• Bound with max training frequency (Mip-Splatting)
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Adaptive Filter
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AAA-Gaussians [Köhler et al. 2025]



47

Analytic-Splatting [Liang et al. 2024]
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Other Artifacts

• Floaters

• Holes

• Depth imprecision (Sky)

• Over-blur
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Mesh Extraction from 3DGS
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Every triangle is a love triangle when you 
love triangles.

Pythagoras, probably

[James Acaster]
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Why convert 3DGS to Mesh?

Editing

Animation

Re-Lighting

Simulation

UE5's Lumen: comparison and setup | Francesc Llorens github.com/tomhsiao1260/mesh-editor

blenderartists.org/t/convert-physics-to-animation
-keyframe-actions-in-blender/1192658 3d walk cycle animation man gif by nikita 27
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Images 3DGS Mesh

Neural 
SDF

Radiance 
Field

Mesh

Images

Explicit Methods 

Implicit Methods 

Disambiguation
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Images 3DGS Mesh

Neural 
SDF

Radiance 
Field

Mesh

Images

Explicit Methods 

Disambiguation

~Minutes

~Hours

Implicit Methods 
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Disambiguation

Images 3DGS Mesh

Explicit Methods 

Part 1: 
Training

Part 2: 
Meshing
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Gaussians and Ellipsoids
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Part 1: Training
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Part 1 Training
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3D Gaussians Mesh

[Radl et al. 2025] SOF: Sorted Opacity Fields for Fast Unbounded Surface Reconstruction

Part 1: Training
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Part 1: Training
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3D Gaussians are blobs of light

[Oli Huttonen on Youtube: Minimalist Gaussian Splatting: How Few Camera Views Do You Really 
Need?]
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3D Gaussians are blobs of light
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3DGS is underconstrained
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Constraining 3DGS

Tradeoff between Geometric Accuracy and 
Performance/Fidelity

We have ground truth images, but no ground truth 
geometry

→ Rely on Priors (More Surface, Less Volume)
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Geometric Losses

1. Depth Distortion Loss 2. Normal Consistency Loss

4. Multi-View Loss3. Flattening Gaussians
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Volume Rendering
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Volume Rendering
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Volume Rendering

Transmittance1

න?



72

Volume Rendering

Transmittance1

෍!
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Volume Rendering

Transmittance1
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Volume Rendering

Transmittance1
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Volume Rendering

Transmittance1
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Volume Rendering

Transmittance1
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Volume Rendering

Transmittance1
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Volume Rendering

Transmittance1

Early Stop
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Volume Rendering

Transmittance1

Early Stop
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Volume Rendering

Transmittance1

Early Stop

???
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Surface Rendering

Transmittance1
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Volume Rendering

Transmittance1

Early Stop
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Volume Rendering

Transmittance1

Early Stop
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Volume Rendering

Transmittance1

Early Stop
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Volume Rendering

Transmittanc
e1

Early Stop

w1

d1

𝐿 = w1w2d1d1

w2

[Barron et al. 2021] Mip-NeRF 360: Unbounded Anti-Aliased Neural Radiance Fields
[Huang et al. 2024] 2D Gaussian Splatting for Geometrically Accurate Radiance Fields. SIGGRAPH
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Volume Rendering

Transmittanc
e1

Early Stop
w3

d2

𝐿 = w1w2d1d1 + w2 w3d2d2

w2

[Barron et al. 2021] Mip-NeRF 360: Unbounded Anti-Aliased Neural Radiance Fields
[Huang et al. 2024] 2D Gaussian Splatting for Geometrically Accurate Radiance Fields. SIGGRAPH
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Volume Rendering

Transmittanc
e1

Early Stop
w3

d2

𝐿 = w1w2d1d1 + w2 w3d2d2 +….

w2

[Barron et al. 2021] Mip-NeRF 360: Unbounded Anti-Aliased Neural Radiance Fields
[Huang et al. 2024] 2D Gaussian Splatting for Geometrically Accurate Radiance Fields. SIGGRAPH
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Volume Rendering

Transmittance1

Early Stop
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Geometric Losses

1. Depth Distortion Loss 2. Normal Consistency Loss

4. Multi-View Loss3. Flattening Gaussians



90

Normal Consistency

[FM Coding] How to Render Depth & World Space Normals
on Game Screen? (Unity3D Beginner Tutorial)

https://www.youtube.com/watch?v=5lsKlOoepw4
https://www.youtube.com/watch?v=5lsKlOoepw4
https://www.youtube.com/watch?v=5lsKlOoepw4
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Normal Consistency

[FM Coding] How to Render Depth & World Space Normals
on Game Screen? (Unity3D Beginner Tutorial)

∇𝑦 ∇𝑥

https://www.youtube.com/watch?v=5lsKlOoepw4
https://www.youtube.com/watch?v=5lsKlOoepw4
https://www.youtube.com/watch?v=5lsKlOoepw4
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3D Gaussian Normals / Depths

Render

› Mean?
› Median?

› Min Scale?

› Intersection Plane?

NormalDepth
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Gaussian Depth

Transmittanc
e1

Early Stop

???
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Mean Depth

Transmittanc
e1

Early Stop

w3

d2

𝐷𝑚𝑒𝑎𝑛 = w1d1 + w2d2+ w3d3 + w4d4

w2

w1

d1

d3

Loss can be propagated to all contributing Gaussians

d4

w4
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Median Depth

Transmittanc
e1

0.5

Loss is only propagated to the median Gaussian, but less
sensitive to outliers 

[Yu et al. 2024] Gaussian Opacity Fields: Efficient Adaptive Surface Reconstruction in Unbounded 
Scenes

𝐷𝑚𝑒𝑑𝑖𝑎𝑛 = μ𝑖 𝑠. 𝑡. 𝑇𝑖 < 0.5 𝑎𝑛𝑑 𝑇𝑖−1 > 0.5
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Exact Median Depth

Transmittanc
e1

0.5

[Radl et al. 2025]
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Min Scale Normal

Normals point in the flattest 
direction

[Guedon and Lepetit 2023] SuGaR: Surface-Aligned Gaussian Splatting for Efficient 3D Mesh Reconstruction and High-Quality Mesh Rendering
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Intersection Plane Normal

Normals should point outwards

[Yu et al. 2024]
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Normal Consistency Loss

∇𝑦 ∇𝑥

[Huang et al. 2024] 2D Gaussian Splatting for Geometrically Accurate Radiance Fields. SIGGRAPH
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Monocular Supervision

Depth from 
Gaussian Model

Predicted Depth 
from DPT 2

Input Image
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Monocular Supervision Loss

Depth from 
Gaussian Model

Predicted Depth 
from DPT 2
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Geometric Losses

1. Depth Distortion Loss 2. Normal Consistency Loss

4. Multi-View Loss3. Flattening Gaussians
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Flatten Gaussians: 2D Gaussian Splatting

[Huang et al. 2024]
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Flatten Gaussians: Minimize Scale

[Guedon and Lepetit, 2023]
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Flatten Gaussians: Extent Loss

Transmittanc
e1

Early Stop

= w1e1+ w2e2+ w3e3 + w4e4

[Radl et al. 2025]

e1

w1

e2 e3 e4

w2 w3 w4
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Flatten Gaussians: Extent Loss

Transmittanc
e1

Early Stop

= w1e1+ w2e2+ w3e3 + w4e4

[Radl et al. 2025]
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Geometric Losses

1. Depth Distortion Loss 2. Normal Consistency Loss

4. Multi-View Loss3. Flattening Gaussians
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Multi-View Loss

[Chen et al. 2025] PGSR: Planar-based Gaussian Splatting for Efficient and High-Fidelity Surface Reconstruction

Photometric Loss

Geometric Loss



109

Part 2: Meshing

TSDF Volume 
Fusion

Gaussian 
Opacity Fields

[Roldao, 2022] 3D Semantic Scene Completion: A Survey
[Radl et al. 2025]



110

Meshing: Marching Cubes

[Guedon and Lepetit, 
2023]



111

Meshing: Camera Poses

3D Gaussians Camera Poses Better Mesh
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Truncated Signed Distance Volume Fusion (TSDF)

TSDF

3D Gaussians Posed Depth Maps Mesh

[Curless and Levoy, 1996] A Volumetric Method for Building Complex Models from Range Images
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Truncated SDF

[Curless and Levoy, 1996]
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Truncated SDF

[Curless and Levoy, 1996]



116

Truncated SDF

[Curless and Levoy, 1996]
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Truncated SDF

[Curless and Levoy, 1996]



118

Truncated SDF

[Curless and Levoy, 1996]
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Truncated SDF

[Curless and Levoy, 1996]
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Truncated SDF

[Curless and Levoy, 
1996]
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Truncated SDF

[Curless and Levoy, 
1996]
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Truncated SDF: Fusion

[Curless and Levoy, 
1996]
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Truncated SDF: Fusion

[Curless and Levoy, 
1996]
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Truncated SDF: Marching Cubes

[Curless and Levoy, 
1996]
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Truncated SDF: Marching Cubes

[Curless and Levoy, 
1996]
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TSDF struggles with Large, Open Areas

2DGS w/ 
TSDF 

Gaussian Opacity 
Fields 

Ground Truth [Huang et al. 2024]
[Yu et al. 2024]
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Volume Rendering

Transmittanc
e1

Opacity

Assumptions:
• No Self Occlusion
• No contribution after mean
• Blending Order not necessarily 

correct

[Yu et al. 2024]
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Assumptions:
• No Self Occlusion
• No contribution after mean
• Blending Order not necessarily 

correct

Volume Rendering

1

Opacity

o( , )

[Yu et al. 2024]
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Gaussian Opacity Fields

[Yu et al. 2024]
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Gaussian Opacity Fields

[Yu et al. 2024]
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Gaussian Opacity Fields

[Yu et al. 2024]
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Gaussian Opacity Fields

Opacity=1

Opacity=0

Opacity=0

𝑂( ) = min( 𝑜 , )

[Yu et al. 2024]
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Gaussian Opacity Fields: Space Carving

Opacity=1

Opacity=0

[Yu et al. 2024]
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Gaussian Opacity Fields: Space Carving

Opacity=1

Opacity=0

[Yu et al. 2024]
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Gaussian Opacity Fields

Opacity=1

Opacity=1

Opacity=1

𝑂( ) = min( 𝑜 , )

[Yu et al. 2024]
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Gaussian Opacity Fields

Opacity=1

Opacity=1

Opacity=1

𝑂(𝑝) = min( 𝑜(𝑝,… ) )

[Yu et al. 2024]



142

Gaussian Opacity Fields

Opacity=1

Opacity=1

Opacity=1

𝑂(𝑝) = min( 𝑜(𝑝,… ) )

[Yu et al. 2024]
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Gaussian Opacity Fields

Opacity=1

Opacity=0.5

Opacity=0.5

𝑂(𝑝) = min( 𝑜(𝑝,… ) )

[Yu et al. 2024]
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Gaussian Opacity Fields

[Yu et al. 2024]
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Gaussian Opacity Fields

[Yu et al. 2024]
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Gaussian Opacity Fields

[Yu et al. 2024]
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Sorted Opacity Fields: Faster Meshing

#𝑠𝑎𝑚𝑝𝑙𝑒𝑠 = #𝑣𝑖𝑒𝑤𝑠 ∗ 9 ∗ #𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛𝑠 ∗ #𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠

~ 6.8x faster Meshing
[Radl et al. 2025]

Gaussian Opacity Fields can be slow:
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Sorted Opacity Fields: More Accuracy

Exact Median DepthExtent Loss Hierarchical Sorting
[Radl et al. 2025]
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Thank you

Felix Windisch
felix.windisch@tugraz.

at

Thomas Köhler
t.koehler@tugraz.at

Bernhard Kerbl
kerbl@cg.tuwien.ac.at
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