PhsyicsGen:
Can Generative Models Learn from Images

to Predict Complex Physical Relations?
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Introduction & Motivation

LEARNING AND ANALYTICS

Objective: Active noise reduction through Al-based control of drilling rigs

© Herrenknecht Vertical GmbH
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e ~9-10 min simulation time
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Introduction & Motivation REEro A el

DL-model

Are generative models able to learn complex physical
relations from input-output image pairs?

What speedups can be achieved by replacing differential
equation-based simulations?
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PhysicsGen Benchmark - The Three Tasks

LEARNING AND ANALYTICS

Urban Sound Propagation

Lens Distortion
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Urban Sound Propagation INSTITUTE FOR MACHINE

PhysicsGen Task 1
100.000 Pairs
[ |
OSM - _ Prediction

NoiseModelling

Sound

Propagation
Simulation

Decibels (dB)

Humidity, Temperature

Order of Reflections

Doc.: https://noisemodelling.readthedocs.io/en/latest/ Institute for Machine Learning and Analytics 5



https://noisemodelling.readthedocs.io/en/latest/

Lens Distortion

LEARNING AND ANALYTICS

PhysicsGen Task 2

Goal: Simulate optical lens distortion

» CelebA subset (50k faces, 256 x 256) 100.000 Pairs

[ \
Input Target Distortion

Brown-Conrady
Distortion Model

distortion parameters
(p1,p2)
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Dynamics of Movement
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PhysicsGen Task 3

100.000 Pairs

Inclination
Start height

Time interval
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Evaluation:

« Ball position X, Y

g Rotation 6

« Ground inclation 8



PhysicsGen Benchmark - Generative Models

LEARNING AND ANALYTICS

Generator
cond.

\ Prediction J

Encoder-Decoder Architectures Diffusion Models
« U-Net » Denoising Diffusion Propabilistic Model (DDPM)
« Convolutional Autoencoder (ConvAE) « Stable Diffusion
» Variational Autoencoder (VAE) « conditioning with and without cross-
Generative Adversarial Network attention
. Pix2Pix » Denoising Diffusion Bridge Models (DDBM)
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Urban Sound Propagation

LEARNING AND ANALYTICS

Reflection Task

Model Task MAE | wMAPE | Runtime/ |
LoS NLoS LoS NLoS Sample (ms)

Simulation Base 0.00 0.00 0.00 0.00 204700

True convAE Unet convAE Base 3.67 2.74 20.24 67.13 0.128
VAE [25] Base 3.92 2.84 2133 75.58 0.124

UNet [30] Base 229 173 1291 37.57 0.138

- Pix2Pix [20] Base 1.73 1.19 936 6.75 0.138

DDPM [18] Base 242 326 1557 51.08  3986.353

60 SD(w.CA) [29] Base 3.76 334 17.42 3518  2961.027

@ SD Base 2.12 1.08 1323 3246 2970.86

S  DDBM [36] Base 1.61 2.17 17.50 65.24 3732.21

Pix2Pix DDPM DDBM -3~ Simulation Refl. 0.00 0.00 0.00 0.00 251000
w5 convAE Refl. 3.83 656 2067 93.54  0.128

S VAE Refl. 4.15 632 21.57 9247 0.124

20 UNet Refl. 229 572 1275 80.46 0.138

1 Pix2Pix Refl. 2.14 479 11.30 30.67 0.138

DDPM Refl. 274 793 17.85 80.38  3986.353

0 SD(w.CA) Refl. 3.81 6.82 19.78 81.61  2961.027

SD Refl. 2.53 526 15.04 355.27 2970.86

DDBM Refl. 193 6.38 1834 79.13 3732.21
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Lens Distortion

LEARNING AND ANALYTICS

Comb] X| Y] |X-Y||! Runtime/

Model Err Err Shift Sample (ms)
Label Unet Pix2Pix
pl#0,p2=0

Sim. 0.00 0.00 0.00 0.00 153.205
convAE 1193 6.75 8.13 1.38 0.110

VAE 11.53 6.55 7.83 1.28 0.122

UNet 2.82 1.28 2.15 0.87 0.118
Pix2Pix 2.00 0.99 1.43 0.44 0.122

DDPM 193 094 139 045 3970.603
SD(w.CA) | 3.09 159 221  0.62 2991.678

SD 2.79 1.41 2.01 0.60 2997.576
pl=0,p2#0
Sim. 0.00 0.00 0.00 0.00 153.205
convAE 10.56  8.35 4.77 2.21 0.110
VAE 1040 826 4.62 3.64 0.122
UNet 2.36 1.33 1.60 0.27 0.117
Pix2Pix 1.77 1.02 1.14 0.13 0.123

DDPM 213 139 123  0.16 3970.603
SD(w.CA)| 285 160 194 034 2991.678
SD 244 138 164 026 2997.576
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Dynamics of Movement

INSTITUTE FOR MACHINE
LEARNING AND ANALYTICS

Initial State True

VAE

SD(w.CA)
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Unet

Position X | Position Y | Rotation | Roundness | Error
convAE [4.244+3.9[6.084+£5.9|12.24+8.6|1.06x0.0| 99%
VAE 4.69+6.116.25+6.9| 31.0+40 | 0.90+0.1 | 95%
UNet 553+ 75| 10.8£12 | 15.2+23 [ 0.74+0.2 | 28%
Pix2Pix | 628 +8.0 | 11.7 +13 | 172421 | 056+ 0.1 | 11%
DDPM |[7.914+9.0| 156.5+14 | 3294+ 34 | 0.61+0.2 | 5.7%
SD(w.CA) | 40.04+49 | 24.8 £23 | 61.1£52 | 053 £0.2 | 7.3%
SD 855 +12 | 16.2+14 [ 34.2+38 047 +0.1 | 2%
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Overall Discussion & Key Insights
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LEARNING AND ANALYTICS

Are generative models able to learn complex physical
relations from input-output image pairs?

Good for simple 0" and 15t order problems

Struggle with complex physical relations

What speedups can be achieved by replacing differential
equation-based simulations?

2M speedup in sound propagation

Runtime comparison is practical; CPU vs. GPU
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Pix2Pix U-Net

Diffusion models




Limitations & Conclusion INSTITUTE FOR MACHINE

Conclusion

* PhysicsGen provides a valuable benchmark for

from datasets import load_dataset

evaluating generative models in physical simulation

dataset = load_dataset("mspitzna/physicsgen”, name="sound_combined"

tasks

« Current models show great promise for speed but

require significant advancements to ensure physical

correctness
* Project: https://www.ki-bohrer.de/

* PhysicsGen: https://www.physics-gen.org/
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PhysicsGen Benchmark

Urban Sound Propagation

cond.

K Urban Layout Sound Propagatity

Generator

PhysicsGen: Can Generative Models Learn from Images
to Predict Complex Physical Relations?

f Output
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Dynamics of rolling and bouncing movements

Generator

f Output
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\ Prediction
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PhysicsGen: Can Generative Models Learn
from Images to Predict Complex Physical Relations?

Lens Distortion
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