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Spatial Intelligence & Physical AI 

• Spatial intelligence refers to the ability of an individual or 

system to understand, generate, and act in physical space, a 

critical bridge for robots to comprehend the physical world.

• Physical AI/Embodied AI, a pivotal frontier in spatial intelligence, 

bridges the digital and physical worlds, where Real2Sim2Real is 

the key path.

• Advanced physical simulations are the key to spatial Intelligence
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Forward Physics  

Challenges: 

① Multiphysics 

② Fidelity vs. Performance  

③ Physical Fidelity & Real-World Realism 
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Towards Multiphysics

• Surface Tension Coupling  (Fluid-Solid/Air Interface)

Liangwang Ruan et. al.. “Solid-fluid interaction with surface-

tension-dominant contact”, ACM Transactions on Graphics, 2021.
Yitong Deng et. al.. “A moving eulerian-lagrangian particle method for 

thin film and foam simulation”, ACM Transactions on Graphics, 2022.
Ningxiao Tao et. al.. “A Vortex Particle-on-Mesh Method for 

Soap Film Simulation”, ACM Transactions on Graphics, 2024.

Jingrui Xing et. al.. “Position-based surface tension flow”, 

ACM Transactions on Graphics, 2022.

Xingqiao Li et. al. “GARM-LS: A Gradient-Augmented Reference-Map Method for 

Level-Set Fluid Simulation”, ACM Transactions on Graphics, 2023.
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Fidelity v.s. Performance

Xuwen Chen et. al.. “A Time-Dependent Inclusion-Based Method for Continuous Collision

Detection between Parametric Surfaces”, ACM Transactions on Graphics, 2024.

A Continuous Collision Detection Method Supporting 

Parametric Surfaces,  x100 Faster Than Previous Work

Liangwang Ruan et. al.. “MiNNIE: a Mixed Multigrid Method for Real-time Simulation of 

Nonlinear Near-Incompressible Elastics”, ACM Transactions on Graphics, 2024.

Real-time Simulation of Near-Incompressible 

Elastics

- Soft-body deformation and collision modeling—critical phenomena in embodied AI
- Being Faster while being more physically accurate
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Physical Fidelity & Real-World Realism 

Tianyi Xie, Zeshun Zong, Yuxing Qiu, Xuan Li, Yutao Feng, Yin Yang, and Chenfanfu Jiang.

PhysGaussian: Physics-Integrated 3D Gaussians for Generative Dynamics. CVPR 2024.

3D Gaussian 

(Surface Only)

3D Gaussian 

(Volumetric)

Internal 

Filling

Output
(Gaussian Splatting of Deformed 3D Gaussians)

Full 3D Space Volumetric Simulation 

using MPM

training

Input images
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Physical Fidelity & Real-World Realism 

3D Gaussian 

(Surface Only)training

Input images

Direct Simulation

① No extra data usage

② Still adhere to physical laws

Output
(Gaussian Splatting of Deformed 3D Gaussians)
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Physical Fidelity & Real-World Realism 

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.

RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025.

               

          
      

        
      

         
     

           

          
              

          

            

         

          

    
         

          
     
    

                           

                   

               
               

Achieved：Real Time Surface Fluid Motion on Physical Scenes Reconstructed by 3D Gaussian

Real-time Simulation and Rasterization

Appearance Module (外观模组): GaussianShader，For rasterization

Geometry Module (几何模组): GOF，For height-based fluid surface No extra data usage or

data conversion
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Physical Fidelity & Real-World Realism 

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.

RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025.

               

          
      

        
      

         
     

           

          
              

          

            

         

          

    
         

          
     
    

                           

                   

               
               

Achieved ：Real Time Surface Fluid Motion on Physical Scenes Reconstructed by 3D Gaussian

𝜕ℎ

𝜕𝑡
+ 𝒖 ⋅ 𝛁 ℎ = −ℎ 𝛁 ⋅ 𝒖

Shallow Water
Equations

𝜕𝒖

𝜕𝑡
+ 𝒖 ⋅ 𝛁 𝒖 = −𝑔𝛁ℎ

Image-Based Rendering

• screen-space reflection

• Fresnel-Slick approximation

• no ray tracing required 
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Physical Fidelity & Real-World Realism 

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.

RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025.

Reflection

Refraction

wave

Results：Real-time Rain Simulation and Rendering on 3D Gaussian
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Physical Fidelity & Real-World Realism 

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.

RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025.
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Physical Fidelity & Real-World Realism 

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.

RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025.
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Physical Fidelity & Real-World Realism 

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.

RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025.

Results：Comparing with Generative Models
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Physical Fidelity & Real-World Realism 

Result of Waymo Scenes (Supporting Auto-Driving Training)

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.

RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025.
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Physical Fidelity & Real-World Realism 

Result of Waymo Scenes (Supporting Auto-Driving Training)

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.

RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025.
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Physical Fidelity & Real-World Realism 

Physics

Interactions

Boundary Integral Equations

Surficial Effects

Points with areas and directions

Represented by 

Equivalent to

Governed by

Discretization

Extract

Gaussian ellipsoids

A General 

Methodology!

Surface-Only Fluids

Surface-Only Deformables

Quasi-Static [James and Pai 1999] Dynamics [Sugimoto et al. 2022]

Splashes [Da et al. 2016] Waves [Jeschke and Wojtan 2023]

Physical Sim on Surfaces
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Inverse Physics Provides:

• Understanding, Prediction & Control 

• Training Supervision

Inverse Physics
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Inverse Physics for Understanding/Prediction/Control 

Real-world Captue ReconstructionTracking

New Dynamics

Bin Wang et. al.. “Deformation capture 

and modeling of soft objects”, ACM 

Transactions on Graphics, 2015.



19

Inverse Physics for Understanding/Prediction/Control 

Novel View Rotating View Time Frozen

Real-Capture

Dynamic 
Reconstruction

Mengyu Chu et al. “Physics Informed Neural Fields for Smoke Reconstruction with Sparse Data ”, ACM Transactions on Graphics, 2022

Ningxiao Tao et al. “FlowCapX: Physics-Grounded Flow Capture with Long-Term Consistency”, Under Review

• Reconstruction-- Prediction, A Closed Loop Enabled by Differentiable Physics

Velocity Visualization

Scene Re-simulation

Scene Prediction

Ours

Ours

Hyfluid

Hyfluid

GT
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Inverse Physics for Understanding/Prediction/Control 

Xuwen Chen et. al.. “Simulation and optimization of magnetoelastic thin shells”, ACM Transactions on Graphics, 2022.

• Differential Physics allows gradient-based control of physics system
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• Apply Simulation-Enhanced Gradients in Training:

Differential/Gradients for Training Supervision

Heyuan Yao et al., “Control VAE: Model-Based Learning of Generative Controllers for Physics-Based Characters”. ACM Transactions on Graphics 2022

Control Policy

Action

Simulation

𝜏
Score/Reward

Improvement 
Direction

Skill Embeddings

Non-

differentiable

Physics model 

(World model)
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• Apply Simulation-Enhanced Gradients in Training:

 for e.g., train human motion using gradients of learned physics models:

Differential/Gradients for Training Supervision

Red: predictions of the pretrained modelWhite: simulation Trained model more stable 
and generalizable

Heyuan Yao et al., “Control VAE: Model-Based Learning of Generative Controllers for Physics-Based Characters”. ACM Transactions on Graphics 2022

Yusen Feng et al., “MuscleVAE: Model-Based Controllers of Muscle-Actuated Characters”, ACM Transactions on Graphics 2023
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• Apply Simulation-Enhanced Gradients in Training:

 for e.g., enable training of large model using learned physics models:

Differential/Gradients for Training Supervision

Trained model is more stable 
and generalizable

Heyuan Yao et al., “MoConVQ: Unified Physics-Based Motion Control via Scalable Discrete Representations”. ACM Transactions on Graphics 2024

Large Motion Dataset

Complex 

Generative 

Network

Simulation
World 

Model

Control Policy
supervise
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Future Outlook

• 3D is becoming a commodity

Yuzheng Liu, Siyan Dong, Shuzhe Wang, Yinda Yin, Yanchao Yang, Qingnan Fan, Baoquan Chen,SLAM3R: Real-Time Dense Scene Reconstruction from Monocular RGB Videos
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Future Outlook

• Differential physics offers a path to spatial intelligence

将世界知识可微化，高效建模动态世界的结构和演化规律，嵌入数据驱动的大

模型，为空间智能学习提供强有力的基础设施

感知理解

预测生成

交互执行

可微仿真
Differential Physics

大模型
LLMs

空间智能
Spatial Intelligence



Thanks！
Baoquan Chen 2025-04-12

Spatial Intelligence Empowered by Physical Intelligence


