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Structure — Properties

Kohn-Sham Density Functional Theory (KS-DFT)

slow, cubic scaling with N
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Machine Learning Interatomic Potentials (MLIPs)

Extensibility test set
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Smith, J. S., et al. (2017). Chemical science

Machine Learning Interatomic Potentials (MLIPs)
E = E™ ({R;},{Z})

* Graph Neural Networks

* Message Passing Neural Networks
* Transformers

« ...others

fast, (mostly) linear scaling with N
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MLIP Architectures and Pretrained Models
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Janosh Riebesell  Rhys Goodall

Matbench Discovery — ML Crystal Stability Predictions

Model F11 DAF{ Prect Acct TPR{ TNR{ MAE | RMSE | R2; 20F 3 OFI{B Seve,nNet MAICE CHGlNet M3(?Net Added
eqV2 M 0.917 6.047 0.924 0.975 0.910 0.986 0.020 0.072 0.848 10-18
DPA3-v1-OpenLAM 0.883 5.754 0.880 0.963 0.885 0.978 0.023 0.067 0.869 1.0 01-10
GRACE-2L-OAM  0.880 5.774 0.883 0.963 0.878 0.979 0.023 0.068 0.862 < 02-06
ORB 0.880 6.041 0.924 0.965 0.841 0.987 0.028 0.077 0.824 % 00 ==="r""TRy " 1 A 10-11

A

Test set structures are near equilibrium and are evaluated at zero temperature
Energy-only benchmark becomes overfitting target at expense of forces
(phonons), symmetries, and other finite temperature (MD) capabilities

SevenNet-0 4.252 0.650 0.048 0.092 | | | | |
. I I I I | 7
GRACE-2L-MPptrj 4.163 0.636 0.094 0.741 c 6; '8 - ?7 ""12 '/1 11-21
MACE-MP-0 3.777 0.577 0.878 [ilvAls 0.893 0.101  0.697 ‘ A , Al 07-14
CHGNet 3.361 0.514 0. . 0.103 0.689 86 43| 03-03
M3GNet 2.882 0.441 0.813 G:IEN 0.813 mReal w, sym. kept mimag w, sym. kept 09-20
M Real w, sym. broken EImag w, sym. broken
ALIGNN 3.206 0.490 0.841 0.672 0.872 06-02
Riebesell, Janosh, et al. Nature Machine Intelligence 7.6 (2025): 836-847. Pota, Balazs, et al. (2024). - arXiv:2408.00755. 4
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Goodhart's law

"When a measure becomes a target, it ceases to be a good measure”

Charles Goodhart (1975)
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Community Challenges around MLIP Benchmarks

* Error-based regression metrics (e.g. Energy, Force MAEs)
' Not correlate well with physical soundness (symmetry, conservation law, PES smoothness ...)
*. Fail to be the good indicators of generalizability and robustness for real-world applications

' Could widen the gap between predicted properties and experimental observables

* Static DFT reference benchmarks

' Are subject to data leakage

'. Become outdated quickly with newer, larger datasets released (OMat, OMol, etc)

' Lack cross-comparability for models trained on different datasets and levels of theory (PBE vs.

r2SCAN vs. others)
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X MLIP Arena 4

M Hugging Face Space | NeurIPS Spotlight | arXiv 2509.20630 | ICLR Al4Mat
build 'passing § pypi 'M0.1.3 | downloads [314/month § DOI 10.5281/zenodo.17331903

Online leaderboard: https://huggingface.co/spaces/atomind/mlip-arena GitHub: https://github.com/atomind-ai/mlip-arena
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1. Asymptotic analyses on off-equilibrium conditions
Equation of state (EOS)

AE _E-Ey 97, , .o N
BV, BV, _16[( )6+ B (" = 1) - 47°)|

MACE-MP(M) (995) CHGNet (997) M3GNet (995) MatterSim (997)

Birch—-Murnaghan EOS

A
-l

5

§ T
1.2 0.8 1.0 1.2 0.8 1.0 1.2

I 1
0.8 1.0 1.2 0.8 1.0

SevenNet (997) MACE-MPA (998)
0.10
. 0.05
=1 C;
o.ool \ . i 7
0.8 1.0 1.2 0.8 1.0 1.2
VIV, VIV

1,000 structures from WBM dataset
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1. Asymptotic analyses on off-equilibrium conditions
Physical and geometric measures as dataset/model agnostic metrics

Table 1: Equation of state (EOS) benchmark on 1,000 WBM structures [14]. Boldface and underline
indicate the best and worst metrics across all MLIPs, respectively. Standard deviations are given in
parentheses. Derivative flips are ranked by their absolute deviation from 1. For up-to-date models
and aggregated rankings, see the online leaderboard.

Derivative Spearman’s coefficient

Model flips | Tortuosity | E: compression | 2—{’;: compression T E: tension 1 Missing |
MACE-MPA 1.037 (0.283) 1.005 (0.054) -0.999368 (0.012) 0.996332 (0.039)  0.993186 (0.077) 2
eSEN 1.042 (0.314) 1.008 (0.090) -0.999330 (0.012)  0.996857 (0.037)  0.992097 (0.073) 5
MACE-MP(M) 1.042 (0.345) 1.009 (0.129) -0.999330 (0.011)  0.994116 (0.059)  0.991586 (0.088) 5
MatterSim 1.045 (0.376) 1.006 (0.055) -0.997350 (0.039)  0.992790 (0.078)  0.988098 (0.115) 3
CHGNet 1.105 (0.540) 1.015(0.123) -0.996499 (0.051)  0.992997 (0.052)  0.986642 (0.117) 3
SevenNet 1.109 (0.555) 1.019(0.275) -0.998128 (0.026)  0.988912 (0.077)  0.985958 (0.117) 3
M3GNet 1.175 (0.676) 1.018 (0.149) -0.996321 (0.052)  0.989743 (0.065)  0.980169 (0.133) 5
ORBv2 1.316 (0.870) 1.037 (0.215) -0.991846 (0.082) 0.970143 (0.132)  0.963746 (0.198) 7
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1. Asymptotic analyses on off-equilibrium conditions

Homonuclear Diatomic Potential Energy Curves (PECs)
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2. Stability and reactivity from molecular dynamics simulation
Hot compression test
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2. Stability and reactivity from molecular dynamics simulation
Hydrogen combustion
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3. Distribution Shift
Energy conservation

Differential entropy of 57—[(X|MPTU) ; 5E(t) ;A 0

local atomic environment
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4. Thermodynamic Properties
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MLIP Arena Performs Benchmarks at Scale on HPC

 HPC workflow orchestration

) ' daSk slurm CPEAFES * Task chaining/caching

workload manager

J default 2 & Runs / & run-all / & little-lemming Running
Q Search workspace
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