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[CH Spatial Intelligence & Physical Al

* 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 Al/Embodied Al, 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




L Towards Multiphysics

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

ACM SIGGRAPH & @siggraph - Oct 17
@ A visual ASMR treat :. Could they be real or computer generated? =

(cc: @twominutepapers @NaturePhysics)

@ Nature Physics @ @NaturePhysics - Oct 13

Are these cherries real? You can find out the answer in a new
@nature.physics Comment article about flow simulations by
@twominutepapers : rdcu.be/cXtbK

Raining Pond

Check out the video of the cherries being dropped into water or milk in
this accompanying... instagr.am/p/CjpmDd_jyOn/

Xinggiao Li et. al. “"GARM-LS: A Gradient-Augmented Reference-Map Method for
Level-Set Fluid Simulation”, ACM Transactions on Graphics, 2023.

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

Ningxiao Tao et. al.. “A Vortex Particle-on-Mesh Method for
tension-dominant contact’, ACM Transactions on Graphics, 2021.

Soap Film Simulation”, ACM Transactions on Graphics, 2024. 4




[ Fidelity v.s. Performance

- Soft-body deformation and collision modeling—critical phenomena in embodied Al
- Being Faster while being more physically accurate

A Time-Dependent Inclusion-Based Method for
Continuous Collision Detection between Parametric Surfaces
(no audio)

XUWEN CHEN, School of Intelligence Science and Technology, Peking University, China
| CHENG YU, School of Intelligence Science and Technology, Peking University, China
,‘ XINGYU NI, School of Computer Science, Peking University, China
MENGYU CHU, State Key Laboratory of General Artificial Intelligence, Peking University, China
BIN WANG+, State Key Laboratory of General Artificial Intelligence, BIGAI China
BAOQUAN CHENy, State Key Laboratory of General Artificial Intelligence, Peking University, Chin

* corresponding authors

Liangwang Ruan et. al.. “MIiNNIE: a Mixed Multigrid Method for Real-time Simulation of Xuwen Chen et. al.. “A Time-Dependent Inclusion-Based Method for Continuous Collision
Nonlinear Near-Incompressible Elastics”, ACM Transactions on Graphics, 2024. Detection between Parametric Surfaces”, ACM Transactions on Graphics, 2024.
Real-time Simulation of Near-Incompressible A Continuous Collision Detection Method Supporting

Elastics Parametric Surfaces, x100 Faster Than Previous Work




@ Physical Fidelity & Real-World Realism
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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.




@ Physical Fidelity & Real-World Realism

3D Gaussian
training (Surface Only)

Direct Simulation

@ No extra data usage
(@ still adhere to physical laws

Input images
P J Output

(Gaussian Splatting of Deformed 3D Gaussians)




@ Physical Fidelity & Real-World Realism

Achieved: Real Time Surface Fluid Motion on Physical Scenes Reconstructed by 3D Gaussian
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Real-time Simulation and Rasterization

Appearance Module (JMIHE4R): GaussianShader, For rasterization
Geometry Module (JU{EJ#&4H): GOF, For height-based fluid surface No extra data usage or

data conversion

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoguan Chen, and Mengyu Chu.
RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025.




—[Raindrop Rasterizer]
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oh
3¢ T Wh=—h(V-w) Image-Based Rendering

ou v vh * screen-space reflection
or T Vu=-g *  Fresnel-Slick approximation
* no ray tracing required

Shallow Water
Equations

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.
RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025. 9
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@ Physical Fidelity & Real-World Realism

1899

Results: Real-time Rain Simulation and Rendering on 3D Gaussian

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.
RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025. 10




@ 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.




Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.
RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025. 12




@ Physical Fidelity & Real-World Realism

Original

RainyGS

RainyGS

Qiyu Dai*, Xingyu Ni*, Qianfan Shen, Wenzheng Chen, Baoquan Chen, and Mengyu Chu.
RainyGS: Efficient Rain Synthesis with Physically-Based Gaussian Splatting. CVPR 2025. 13
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@ Physical Fidelity & Real-World Realism
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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. 14
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@ Physical Fidelity & Real-World Realism
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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. 15



@ Physical Fidelity & Real-World Realism

Physical Sim on Surfaces

Physics \I
‘ Represented by I

Interactions I

‘ Equivalent to }:

Surficial Effects F A General I Quasi-Static [James and Pai 1999] Dynamics [Sugimoto et al. 2022]

‘ Methodology! | Surface-Only Deformables
Governed by I

Boundary Integral Equations |

‘ Discretization |

Points with areas and directions I

Extract I

L)
2
L /15
”

Gaussian eIIipsoids | Splashes [Da et al. 2016] Waves [Jeschke and Wojtan 2023]
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Surface-Only Fluids
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@ Inverse Physics

Inverse Physics Provides:
« Understanding, Prediction & Control
« Training Supervision

17



Real-world Céptﬁe Tracking Reconstruction

0@

@

New Dynami

Bin Wang et. al.. “Deformation capture
and modeling of soft objects”, ACM
Transactions on Graphics, 2015.
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Scene Re-simulation

Hyfluid Ours GT

Real-Capture

Scene Prediction

Hyfluid Ours

Novel View Rotating View Time Frozen Velocity Visualization

Dynamic
Reconstruction

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

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




@ Inverse Physics for Understanding/Prediction/Control

* Differential Physics allows gradient-based control of physics system
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Xuwen Chen et. al.. “Simulation and optimization of magnetoelastic thin shells”, ACM Transactions on Graphics, 2022.

20



@ Differential/Gradients for Training Supervision

* Apply Simulation-Enhanced Gradients in Training:

Skill Embeddings Control Policy ulation

Action
. " (differentidnle

4

——— Score/Reward

....... Improvement  ESSEIEERyEE

Direction (World model)

Heyuan Yao et al., “Control VAE: Model-Based Learning of Generative Controllers for Physics-Based Characters”. ACM Transactions on Graphics 2022 21




@ Differential/Gradients for Training Supervision

* Apply Simulation-Enhanced Gradients in Training:

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

White: simulation Red: predictions of the pretrained model 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
22




@ Differential/Gradients for Training Supervision

* Apply Simulation-Enhanced Gradients in Training:

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

Large Motion Dataset

/"Suppose there is a door
in front of you, and a
key on the ground. you
want to open the door -
and sit on the chair, ,
_how do you perform /

Complex

Generative
Network

I would:
. Walk forward [297,...]

. Bend down and pickup

the key [246,...]
. Insert the key into the
door [129,...]
SU pe I’VISG . Walk through the

doorway [297,...]
ContrOI POI|Cy . Sit down on chair [241,...]
World :
Simulation
j/ « Model : ;

Heyuan Yao et al., “MoConVQ: Unified Physics-Based Motion Control via Scalable Discrete Representations”. ACM Transactions on Graphics 2024 23




@ 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
24




@ Future Outlook

* Differential physics offers a path to spatial intelligence

R STF AR TR, SERHSHANEHRIRLCAE, AR
KA, A=EEEFIRERT HNEMRE

ORI HY K

R -

A hE Kiz8! Z[AlEEE
Differential Physics LLMs Spatial Intelligence
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Spatial Intelligence Empowered by Physical Intelligence
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