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• 3D Gaussian

Background

𝑮 𝒙 = 𝒆−
𝟏
𝟐 𝒙−𝝁 𝑻𝜮−𝟏(𝒙−𝝁)

Rotation

Mean

Scale

Color

Opacity
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• Problem formulation

▪ Without canonical field

−DyNeRF, HexPlane, HyperReel

Introduction

𝐼𝑚𝑎𝑔𝑒𝑡

𝐼𝑚𝑎𝑔𝑒𝑡+1

𝑡𝑖𝑚𝑒

𝐼𝑚𝑎𝑔𝑒𝑡

𝐼𝑚𝑎𝑔𝑒𝑡+1
𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑛𝑒𝑡𝑤𝑜𝑟𝑘
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• Problem formulation

▪ With canonical field

−D-NeRF, Nerfplayer, Particlenerf, Dynamic 3DGS

Introduction

𝐼𝑚𝑎𝑔𝑒𝑡

𝐼𝑚𝑎𝑔𝑒𝑡+1

𝐼𝑚𝑎𝑔𝑒𝑡

𝐼𝑚𝑎𝑔𝑒𝑡+1

Encoder Decoder

𝑡𝑖𝑚𝑒

𝐶𝑎𝑛𝑜𝑛𝑖𝑐𝑎𝑙 𝐹𝑖𝑒𝑙𝑑
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• Problem formulation

Introduction

Without canonical field With canonical field

• MLP, grid, low-rank decomposition 방식은
주어진데이터에의존적

• Spatial-temporal이독립적으로학습

• 복잡한실제장면에서유연성과확장성이
감소

장면의모션을명시적으로
정의하지않음 

Time을고려한 space를정의
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• Overall pipeline

▪직접적으로 4D Gaussian을모델링

Introduction
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• 3D Gaussian

Method 1. Representation of 4D Gaussian

𝜇3𝐷 = (𝜇𝑥, 𝜇𝑦, 𝜇𝑧)

𝛴3𝐷 = 𝑅𝑆𝑆𝑇𝑅𝑇
P

ro
je

ct
io

n

𝜇2𝐷 = 𝑃𝑟𝑜𝑗 𝜇 𝐸, 𝐾 1:2

𝛴2𝐷 = (𝐽𝐸𝛴𝐸𝑇𝐽𝑇)1:2,1:2

𝑮 𝒙 = 𝒆−
𝟏
𝟐

𝒙−𝝁 𝑻𝜮−𝟏(𝒙−𝝁)

𝑥 = (𝑥𝑥, 𝑥𝑦 , 𝑥𝑧 )

Mean, Rotation, Scale

𝑰 𝒖, 𝒗 = 

𝒊=𝟏

𝑵

𝒑𝒊(𝒖, 𝒗; 𝝁𝟐𝑫, 𝜮𝟐𝑫)𝜶𝒊𝒄𝒊(𝒅𝒊) ෑ

𝒋=𝟏

𝒊−𝟏

(𝟏 − 𝒑𝒊(𝒖, 𝒗; 𝝁𝟐𝑫, 𝜮𝟐𝑫)𝜶𝒊)

+ Opacity, Color
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• 4D Gaussian

▪ Attribute: Mean, Time

Method 1. Representation of 4D Gaussian

𝐼 𝑢, 𝑣 = 

𝑖=1

𝑁

𝑝𝑖(𝑢, 𝑣)𝛼𝑖𝑐𝑖(𝑑𝑖) ෑ

𝑗=1

𝑖−1

(1 − 𝑝𝑖(𝑢, 𝑣)𝛼𝑖) 𝐼 𝑢, 𝑣 = 

𝑖=1

𝑁

𝑝𝑖(𝑢, 𝑣, 𝑡)𝛼𝑖𝑐𝑖(𝑑𝑖 , 𝑡) ෑ

𝑗=1

𝑖−1

(1 − 𝑝𝑖(𝑢, 𝑣, 𝑡)𝛼𝑖)

𝐼 𝑢, 𝑣 = 

𝑖=1

𝑁

𝑝𝑖(𝑡)𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖𝑐𝑖(𝑑𝑖 , 𝑡) ෑ

𝑗=1

𝑖−1

(1 − 𝑝𝑖 𝑡 𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖)

3D 4D
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• 4D Gaussian

▪ Attribute: Rotation, Scale

Method 1. Representation of 4D Gaussian

𝛴3𝐷 = 𝑅𝑆𝑆𝑇𝑅𝑇

r

x

y

z

𝑞 = 𝑅 =

1 − 2(𝑦2 + 𝑧2) 2(𝑥𝑦 − 𝑟𝑧) 2(𝑥𝑧 + 𝑟𝑦)

2(𝑥𝑦 + 𝑟𝑧) 1 − 2(𝑥2 + 𝑧2) 2(𝑦𝑧 − 𝑟𝑧)

2(𝑥𝑧 − 𝑟𝑦) 2(𝑦𝑧 + 𝑟𝑥) 1 − 2(𝑥2 + 𝑦2)

𝑠 = (𝑠𝑥, 𝑠𝑦 , 𝑠𝑧 )

(3x3 matrix) (3x3 matrix)

𝑆 =

𝑠𝑥 0 0
0 𝑠𝑦 0

0 0 𝑠𝑧

𝑠 = (𝑠𝑥, 𝑠𝑦 , 𝑠𝑧 , 𝑠𝑡)

𝑠𝑥 0 0 0

0 𝑠𝑦 0 0

0 0 𝑠𝑧 0

0 0 0 𝑠𝑡

𝑆 =

(4x4 matrix) (4x4 matrix)

𝛴𝑥𝑦𝑧|𝑡 = ∑1:3,1:3−∑1:3,4∑-1
4,4∑4,1:3𝛴𝑥𝑦𝑧𝑡 = 𝑅𝑆𝑆𝑇𝑅𝑇

𝜇𝑥𝑦𝑧|𝑡 = 𝜇1:3+∑1:3,4∑-1
4,4(𝑡 − 𝜇𝑡)𝜇𝑥𝑦𝑧𝑡 = (𝜇𝑥, 𝜇𝑦 , 𝜇𝑧 , 𝜇𝑡 )

4D to 3D

𝐼 𝑢, 𝑣 = 

𝑖=1

𝑁

𝑝𝑖(𝑡)𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖𝑐𝑖(𝑑𝑖, 𝑡) ෑ

𝑗=1

𝑖−1

(1 − 𝑝𝑖 𝑡 𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖)
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• 4D Gaussian

▪ Attribute: Rotation, Scale

Method 1. Representation of 4D Gaussian

𝜮𝒙𝒚𝒛|𝒕 = ∑1:3,1:3−∑1:3,4∑-1
4,4∑4,1:3𝜮𝒙𝒚𝒛𝒕 = 𝑹𝑺𝑺𝑻𝑹𝑻

𝝁𝒙𝒚𝒛|𝒕 = 𝝁1:3+∑1:3,4∑-1
4,4(𝒕 − 𝝁𝒕)𝝁𝒙𝒚𝒛𝒕 = (𝝁𝒙, 𝝁𝒚 , 𝝁𝒛 , 𝝁𝒕 )

𝐼 𝑢, 𝑣 = 

𝑖=1

𝑁

𝑝𝑖(𝑡)𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖𝑐𝑖(𝑑𝑖, 𝑡) ෑ

𝑗=1

𝑖−1

(1 − 𝑝𝑖 𝑡 𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖)

x,y,z 간의관계

x,y,z와 t 간의관계 t에서 x,y,z로관계

t의 scale을조정

결국 4D Gaussian에서 time에대한영향을제거하여 3D Gaussian을생성하는과정

4D to 3D
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• 4D Gaussian 

▪ Attribute: Color

Method 2. 4D Spherindrical Harmonics 

𝑓 𝜃, 𝜑 = 

𝑙=0

∞



𝑚=−𝑙

𝑙

𝑐𝑙
𝑚𝑌𝑙

𝑚 𝜃, 𝜑

(l: level, m: magnitude)

Spherical Harmonics Coefficients

Spherical Harmonics

𝐼 𝑢, 𝑣 = 

𝑖=1

𝑁

𝑝𝑖(𝑡)𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖𝑐𝑖(𝑑𝑖, 𝑡) ෑ

𝑗=1

𝑖−1

(1 − 𝑝𝑖 𝑡 𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖)
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• 4D Gaussian 

▪ Attribute: Color

Method 2. 4D Spherindrical Harmonics 

𝑍𝑛𝑙
𝑚 𝑡, 𝜃, 𝜑 = cos(

2𝜋𝑛

𝑇
𝑡)𝑌𝑙

𝑚(𝜃, 𝜑)

Fourier series Spherical Harmonics

시간적 변화 (Time) 공간적변화 (Camera view)

Time t

z

x

y

𝐼 𝑢, 𝑣 = 

𝑖=1

𝑁

𝑝𝑖(𝑡)𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖𝑐𝑖(𝑑𝑖, 𝑡) ෑ

𝑗=1

𝑖−1

(1 − 𝑝𝑖 𝑡 𝑝𝑖(𝑢, 𝑣|𝑡)𝛼𝑖)
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• 4D Gaussian

Method

𝑰 𝒖, 𝒗 = 

𝒊=𝟏

𝑵

𝒑𝒊(𝒕)𝒑𝒊(𝒖, 𝒗|𝒕)𝜶𝒊𝒄𝒊(𝒅𝒊, 𝒕) ෑ

𝒋=𝟏

𝒊−𝟏

(𝟏 − 𝒑𝒊 𝒕 𝒑𝒊(𝒖, 𝒗|𝒕)𝜶𝒊)

4D Gaussian

𝜇𝑥𝑦𝑧𝑡 = (𝜇𝑥, 𝜇𝑦 , 𝜇𝑧 , 𝜇𝑡 )

𝑅 = 𝐿 𝑞𝑙 𝑅(𝑞𝑟)

𝑠 = (𝑠𝑥, 𝑠𝑦 , 𝑠𝑧 , 𝑠𝑡)

3D Gaussian

Color

𝒄𝒊(𝒅𝒊, 𝒕)

Time

𝒑(𝒕)

𝛴𝑥𝑦𝑧|𝑡 = ∑1:3,1:3−∑1:3,4∑-1
4,4∑4,1:3

𝜇𝑥𝑦𝑧|𝑡 = 𝜇1:3+∑1:3,4∑-1
4,4(𝑡 − 𝜇𝑡)

𝑍𝑛𝑙
𝑚 𝑡, 𝜃, 𝜑 = cos(

2𝜋𝑛

𝑇
𝑡)𝑌𝑙

𝑚(𝜃, 𝜑)

𝑝 𝑡 = 𝑁(𝑡; 𝜇4, ∑4,4)

2D Gaussian

𝒑(𝒖, 𝒗|𝒕)

𝜇2𝐷 = 𝑃𝑟𝑜𝑗 𝜇 𝐸, 𝐾 1:2

𝛴2𝐷 = (𝐽𝐸𝛴𝐸𝑇𝐽𝑇)1:2,1:2

Image

𝑰(𝒖, 𝒗)
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• Implementation details

▪ Training setup

− Iteration: 30,000

−Batch size: 4

▪ Initialization

−Rotation: identity 

−Time scale: half of the scene’s duration

• Datasets

▪ Real-word dataset

−Plenoptic Video dataset

҉ Multi-view dataset

▪ Synthetic dataset

−D-NeRF dataset

҉ Monocular video dataset

Experiment
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• Quantitative results

Experiment
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• Qualitative results & Ablation

Experiment
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• Public dataset

Experiment
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Fully Explicit Dynamic Gaussian Splatting

NeurIPS 2024
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• Overall pipeline

Method
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• 4D Gaussian

▪ Static Gaussian

−  Initialization

҉ Scene에서모든 Gaussian들을 static으로초기화

Method 1. Representation of 4D Gaussian

𝝁 𝒕 = 𝒙 + 𝒕′𝒅, 𝒕′ =
𝒕

𝒍
∈ [𝟎, 𝟏]

Scene 길이

TimeNormalized time

Translation

(가정: 모든 static point는 linearly하게 움직임)
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• 4D Gaussian

▪ Dynamic Gaussian

−Keyframe selection

҉ Memory efficient를위해모든 frame을사용하지않고 keyframe을선택하여사용

− Interpolation

҉ Motion의 smooth함을위해인접한두 keyframe들의각 attribute 별 interpolation을수행

Method 1. Representation of 4D Gaussian

𝐾 = {𝑡|𝑡 = 𝑛𝐼, 𝑛 ∈ ℤ, 𝑡 ∈ Τ}

Interval

𝑡0 𝑡1 𝑡2 𝑡3 𝑡4 𝑡𝑛

𝑡2 𝑡3𝑡2.5

Interpolation
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• 4D Gaussian

▪ Dynamic Gaussian: Mean

−Cubic Hermite Interpolator for Temporal Position (CHip)

҉ Low-dgree polynomial로확장하여 overfitting과 over-smoothing을방지

Method 1. Representation of 4D Gaussian

𝑝0

𝑝1
𝑚0

𝑚1
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• 4D Gaussian

▪ Dynamic Gaussian: Mean

−Cubic Hermite Interpolator for Temporal Position (CHip)

҉ Low-dgree polynomial로확장하여 overfitting과 over-smoothing을방지

Method 1. Representation of 4D Gaussian

𝑡𝑛 𝑡𝑛+1𝑡

Position of Gaussian at 𝑡𝑛 keyframe Tangent value at 𝑡𝑛 keyframe
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• 4D Gaussian

▪ Dynamic Gaussian: Rotation

−Spherical Linear Interpolation for Temporal Rotation (Slerp)

҉ 회전이나방향벡터를시간에따라부드럽게보간하는방법

−𝑛

Method 1. Representation of 4D Gaussian

𝑚1
′

𝑚2
′

𝑚3
′

𝑚4
′

𝑚5
′

𝜃
𝜃

𝑥0

𝑥1

𝑥0 𝑥1

𝑛 sin 𝜃
𝑛

𝑚
𝑛 =

sin 𝜃(1 − 𝑡)

sin 𝜃

𝑚 =
sin 𝜃(𝑡)

sin 𝜃
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• 4D Gaussian

▪ Dynamic Gaussian: Rotation

−Spherical Linear Interpolation for Temporal Rotation (Slerp)

҉ 회전이나방향벡터를시간에따라부드럽게보간하는방법

Method 1. Representation of 4D Gaussian

Rotation of Gaussian at 𝑡𝑛 keyframe
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• 4D Gaussian

▪ Dynamic Gaussian: Opacity

−Simplify Gaussian Mixture for Temporal Rotation

҉ 시간변화에따라 object의 appearance와 disappearance를다룸

Method 1. Representation of 4D Gaussian

𝑎𝑠
𝑜 = Mean of Gaussian

𝑏𝑠
𝑜 = Variance of Gaussian
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• Progressive training scheme

▪ First frame으로부터얻은소량의 points만을사용하여 input video의일부만학습을진행

▪ 이후 duration을 interval만큼늘려가며학습을진행

• Extracting dynamic points from static points

▪ Static point가움직인거리를측정하여 top-n % (In paper, n=2)을 dynamic point로변환

▪ 이때 camera로부터너무먼 point들만선택되는것을방지하기위해 camera와 point 사이의
distance로 normalization을수행

Method 2. Training scheme



29

• Implementation details

▪ Initialization

−Time interval: 10

− Initial duration: 10

− Increment duration: 400 iteration

▪ Dataset 

−Real-world datasets

҉ Neural 3D Video dataset

✓Multi-view dataset (grid: 18~21)

҉ Technicolor dataset

✓Multi-view dataset (grid: 4x4=16)

▪ Evaluation

− Metric: PSNR, SSIM, LPIPS

− FPS: including preprocessing

Experiment
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• Neural 3D Video dataset

▪ Quantitative results 

Experiment
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• Neural 3D Video dataset

▪ Qualitative results 

Experiment
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• Ablation

Experiment
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감사합니다
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