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• Interatomic potential models and UQ
• Problem setup (RAMPAGE potentials for binary alloys)
• Bayesian calibration for interatomic potential fitting
• Case study – Au-Cu binary alloy systems

Overview
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• Interatomic potentials
– function that takes as input the positions of atoms and returns the energy

of the system 
– contains unknown parameters that must be determined empirically

• comparison with experiment
• comparison with higher-fidelity theory 

– e.g. density functional theory (DFT)

Interatomic potentials and UQ
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• Interatomic potentials
– function that takes as input the positions of atoms and returns the energy

of the system 
– contains unknown parameters that must be determined empirically

• comparison with experiment
• comparison with higher-fidelity theory 

– e.g. density functional theory (DFT)

• Reliable simulation with interatomic potentials requires 
quantified uncertainties*
– for model validation and comparison
– for predictivity
– for decision-making

Interatomic potentials and UQ

*S.L. Frederiksen, K.W. Jacobsen, K.S. Brown, J.P. 
Sethna, Phys. Rev. Lett. 93, 165501 (2004)
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RAMPAGE potentials for binary alloy design
Rapid Alloy Method for Producing Accurate General Empirical potentials*

*L. Ward, A. Agrawal, K.M. Flores, and W. Windl. Rapid production of accurate embedded-
atom method potentials for metal alloys. (2012). arXiv:cond-mat.mtrl-sci/1209.0619 

• atom     of type    
• atom     of type 
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Embedded Atom Model (Finnis-Sinclair type) for systems with two element types: A and B

component functions could 
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RAMPAGE potentials for binary alloy design
Rapid Alloy Method for Producing Accurate General Empirical potentials*
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VBA = VAB

modeling and 
fitting effort

*L. Ward, A. Agrawal, K.M. Flores, and W. Windl. Rapid production of accurate embedded-
atom method potentials for metal alloys. (2012). arXiv:cond-mat.mtrl-sci/1209.0619 

Embedded Atom Model (Finnis-Sinclair type) for systems with two element types: A and B

extracted from 
existing literature

already fitted, 
presumably valid
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RAMPAGE potentials for binary alloy design

increasing composition (%) red

• Generate DFT data for a variety of 
structures with compositions 
ranging from 100% A, 0%B to 
0%A, 100% B.   

• Use data to fit the cross-term 
components of the interatomic 
potential

*L. Ward, A. Agrawal, K.M. Flores, and W. Windl. Rapid production of accurate embedded-
atom method potentials for metal alloys. (2012). arXiv:cond-mat.mtrl-sci/1209.0619 

Rapid Alloy Method for Producing Accurate General Empirical potentials*
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A 5-parameter model
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⇢AB(r) = r6
�
e�SBr + 29e�2SBr

�

Morse pair 
potential

Voter electron 
densities

Interatomic potential model

• 5 uncertain parameters:
• 102 QOIs total

– 17 compositions ranging from 3% A to 97% A 
– For each composition: lattice parameter, mixing enthalpy, C11, C12, C44, 

bulk modulus
• Higher-fidelity DFT data generated for each QOI

– used for fitting the uncertain parameters
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✓ = [req, D,↵, SA, SB ]
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Workflow for computing QOIs

online database / literature

<latexit sha1_base64="wCTMKza0o+skgf9Z/ayKdw/jEu0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9RQTxGNA9IljA7mSRDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyL1iOOY+yEdKNEXjKKVHm67V91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3Xq7cn5Wq11kceTiCYzgFDy6gCndQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwB2f+NhQ==</latexit>

FA
<latexit sha1_base64="32XagurCCsKtXNoy4SkytHRledc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY+JXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qW12rRXLPllfw60SoKMlCBDvVf86vYVSQSVlnBsTCfwYxumWFtGOJ0WuomhMSZjPKQdRyUW1ITp/OApOnNKHw2UdiUtmqu/J1IsjJmIyHUKbEdm2ZuJ/3mdxA6uw5TJOLFUksWiQcKRVWj2PeozTYnlE0cw0czdisgIa0ysy6jgQgiWX14lzUo5uCxX7i9K1ZssjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/s5aQWQ==</latexit>⇢AA

<latexit sha1_base64="8KOdqcEI7jwMI8Gc8d/+RDZ7yKo=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSox5BLx4xkYUENqRbulDptpu2a0I2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uGRr2WqCG0RyaXqhFhTzgRtGWY47SSK4jjktB2Ob2d++4kqzaR4MJOEBjEeChYxgo2VfL+fNRrTfrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVeLXqt5ltXZ/Uanf5HEU4QRO4Rw8uII63EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w9AAY7s</latexit>

VAA

<latexit sha1_base64="TRZDD4O7DZFm5ZnekCRQrNl04Kg=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgqiMcKpi20pWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMfRZLGLVDqhGwSX6hhuB7UQhjQKBrWB8O/NbT6g0j+WjmSTYi+hQ8pAzaqzk3/Wz+rRfKrsVdw6ySryclCFHo1/66g5ilkYoDRNU647nJqaXUWU4EzgtdlONCWVjOsSOpZJGqHvZ/NgpObfKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpCa86WVcJqlByRaLwlQQE5PZ52TAFTIjJpZQpri9lbARVZQZm0/RhuAtv7xKmtWKd1WpPlyWa/U8jgKcwhlcgAfXUIN7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/n9WOkg==</latexit>

FB
<latexit sha1_base64="RmqEybgvQi7zrKOXHvA5Qnmnu3A=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHEi8cI5iHJEmYns8mQeSwzs0JY8hVePCji1c/x5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzvz2E9WGKflgJwkNBR5KFjOCrZMee3qk+lm9Pu2Xyn7FnwOtkiAnZcjR6Je+egNFUkGlJRwb0w38xIYZ1pYRTqfFXmpogskYD2nXUYkFNWE2P3iKzp0yQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPv0YBpSiyfOIKJZu5WREZYY2JdRkUXQrD88ippVSvBVaV6f1mu1fM4CnAKZ3ABAVxDDe6gAU0gIOAZXuHN096L9+59LFrXvHzmBP7A+/wBtqGQWw==</latexit>⇢BB
<latexit sha1_base64="VsI4YzsBgYiYsZZxEOdsUXwHhMw=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSgx4JXjxiIgsJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eMTX8tUEdomkkvVDbGmnAnaNsxw2k0UxXHIaSec3M79zhNVmknxYKYJDWI8EixiBBsr+f4gazZng3LFrboLoHXi5aQCOVqD8ld/KEkaU2EIx1r3PDcxQYaVYYTTWamfappgMsEj2rNU4JjqIFtcO0MXVhmiSCpbwqCF+nsiw7HW0zi0nTE2Y73qzcX/vF5qopsgYyJJDRVkuShKOTISzV9HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3urL68SvVb16tXZ/VWk08ziKcAbncAkeXEMD7qAFbSDwCM/wCm+OdF6cd+dj2Vpw8plT+APn8wdDDI7u</latexit>

VBB

Step 1: download fitted 
potentials for the pure 
system, combine with 
proposed model

<latexit sha1_base64="KNcOZTU43XxVpPSPjHRBAygaoKo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1mu1C9K1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJUnjMw=</latexit>

A

<latexit sha1_base64="yXWy4uLoK9aF9asSbYGLruXrDp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd12uNK5K1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJarjM0=</latexit>

B

<latexit sha1_base64="WXa80EkCmnV2NILRrof45p2Cfrk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8xXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qW1m2mvWPLL/hxolQQZKUGGeq/41e0rkggqLeHYmE7gxzZMsbaMcDotdBNDY0zGeEg7jkosqAnT+cFTdOaUPhoo7UpaNFd/T6RYGDMRkesU2I7MsjcT//M6iR1chymTcWKpJItFg4Qjq9Dse9RnmhLLJ45gopm7FZER1phYl1HBhRAsv7xKmpVycFmu3F+UqrUsjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/tRyQWg==</latexit>⇢BA
<latexit sha1_base64="x6Yn5zKCk6JyfecRFjpk2WYO65I=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8xXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qU3tWmvWPLL/hxolQQZKUGGeq/41e0rkggqLeHYmE7gxzZMsbaMcDotdBNDY0zGeEg7jkosqAnT+cFTdOaUPhoo7UpaNFd/T6RYGDMRkesU2I7MsjcT//M6iR1chymTcWKpJItFg4Qjq9Dse9RnmhLLJ45gopm7FZER1phYl1HBhRAsv7xKmpVycFmu3F+UqrUsjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/tRuQWg==</latexit>⇢AB

<latexit sha1_base64="Y9eahUSfQI1YyY8B0wzYA7LgJj8=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCpJEXUjtHXjsoK9QBvCZDpph04mYWZSKKFv4saFIm59E3e+jdM2C239YeDjP+dwzvxBwpnSjvNtFTY2t7Z3irulvf2DwyP7+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8P693JlQqFosnPU2oF+GhYCEjWBvLt+22nzXqM3SHDNQbM+TbZafiLITWwc2hDLmavv3VH8QkjajQhGOleq6TaC/DUjPC6azUTxVNMBnjIe0ZFDiiyssWl8/QhXEGKIyleUKjhft7IsORUtMoMJ0R1iO1Wpub/9V6qQ5vvYyJJNVUkOWiMOVIx2geAxowSYnmUwOYSGZuRWSEJSbahFUyIbirX16HdrXiXleqj1flWiOPowhncA6X4MIN1OABmtACAhN4hld4szLrxXq3PpatBSufOYU/sj5/AItmkk8=</latexit>

VBA = VAB

proposed model, for a given 
parameter vector

<latexit sha1_base64="TAZZlab/bt6q4oDaFmCOBYD5U84=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9y2rt/qJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/pkGPLw==</latexit>

✓
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Workflow for computing QOIs

online database / literature

<latexit sha1_base64="wCTMKza0o+skgf9Z/ayKdw/jEu0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9RQTxGNA9IljA7mSRDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyL1iOOY+yEdKNEXjKKVHm67V91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3Xq7cn5Wq11kceTiCYzgFDy6gCndQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwB2f+NhQ==</latexit>

FA
<latexit sha1_base64="32XagurCCsKtXNoy4SkytHRledc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY+JXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qW12rRXLPllfw60SoKMlCBDvVf86vYVSQSVlnBsTCfwYxumWFtGOJ0WuomhMSZjPKQdRyUW1ITp/OApOnNKHw2UdiUtmqu/J1IsjJmIyHUKbEdm2ZuJ/3mdxA6uw5TJOLFUksWiQcKRVWj2PeozTYnlE0cw0czdisgIa0ysy6jgQgiWX14lzUo5uCxX7i9K1ZssjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/s5aQWQ==</latexit>⇢AA

<latexit sha1_base64="8KOdqcEI7jwMI8Gc8d/+RDZ7yKo=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSox5BLx4xkYUENqRbulDptpu2a0I2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uGRr2WqCG0RyaXqhFhTzgRtGWY47SSK4jjktB2Ob2d++4kqzaR4MJOEBjEeChYxgo2VfL+fNRrTfrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVeLXqt5ltXZ/Uanf5HEU4QRO4Rw8uII63EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w9AAY7s</latexit>

VAA

<latexit sha1_base64="TRZDD4O7DZFm5ZnekCRQrNl04Kg=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgqiMcKpi20pWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMfRZLGLVDqhGwSX6hhuB7UQhjQKBrWB8O/NbT6g0j+WjmSTYi+hQ8pAzaqzk3/Wz+rRfKrsVdw6ySryclCFHo1/66g5ilkYoDRNU647nJqaXUWU4EzgtdlONCWVjOsSOpZJGqHvZ/NgpObfKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpCa86WVcJqlByRaLwlQQE5PZ52TAFTIjJpZQpri9lbARVZQZm0/RhuAtv7xKmtWKd1WpPlyWa/U8jgKcwhlcgAfXUIN7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/n9WOkg==</latexit>

FB
<latexit sha1_base64="RmqEybgvQi7zrKOXHvA5Qnmnu3A=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHEi8cI5iHJEmYns8mQeSwzs0JY8hVePCji1c/x5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzvz2E9WGKflgJwkNBR5KFjOCrZMee3qk+lm9Pu2Xyn7FnwOtkiAnZcjR6Je+egNFUkGlJRwb0w38xIYZ1pYRTqfFXmpogskYD2nXUYkFNWE2P3iKzp0yQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPv0YBpSiyfOIKJZu5WREZYY2JdRkUXQrD88ippVSvBVaV6f1mu1fM4CnAKZ3ABAVxDDe6gAU0gIOAZXuHN096L9+59LFrXvHzmBP7A+/wBtqGQWw==</latexit>⇢BB
<latexit sha1_base64="VsI4YzsBgYiYsZZxEOdsUXwHhMw=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSgx4JXjxiIgsJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eMTX8tUEdomkkvVDbGmnAnaNsxw2k0UxXHIaSec3M79zhNVmknxYKYJDWI8EixiBBsr+f4gazZng3LFrboLoHXi5aQCOVqD8ld/KEkaU2EIx1r3PDcxQYaVYYTTWamfappgMsEj2rNU4JjqIFtcO0MXVhmiSCpbwqCF+nsiw7HW0zi0nTE2Y73qzcX/vF5qopsgYyJJDRVkuShKOTISzV9HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3urL68SvVb16tXZ/VWk08ziKcAbncAkeXEMD7qAFbSDwCM/wCm+OdF6cd+dj2Vpw8plT+APn8wdDDI7u</latexit>

VBB

Step 2: compute quantities 
of interest using LAMMPS

<latexit sha1_base64="KNcOZTU43XxVpPSPjHRBAygaoKo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1mu1C9K1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJUnjMw=</latexit>

A

<latexit sha1_base64="yXWy4uLoK9aF9asSbYGLruXrDp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd12uNK5K1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJarjM0=</latexit>

B

molecular dynamics 
simulation software*

other inputs: 
• structures
• composition ranges
• optimization tolerances 
• etc.

computed 
properties 
& post 
processing

<latexit sha1_base64="WXa80EkCmnV2NILRrof45p2Cfrk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8xXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qW1m2mvWPLL/hxolQQZKUGGeq/41e0rkggqLeHYmE7gxzZMsbaMcDotdBNDY0zGeEg7jkosqAnT+cFTdOaUPhoo7UpaNFd/T6RYGDMRkesU2I7MsjcT//M6iR1chymTcWKpJItFg4Qjq9Dse9RnmhLLJ45gopm7FZER1phYl1HBhRAsv7xKmpVycFmu3F+UqrUsjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/tRyQWg==</latexit>⇢BA
<latexit sha1_base64="x6Yn5zKCk6JyfecRFjpk2WYO65I=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8xXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qU3tWmvWPLL/hxolQQZKUGGeq/41e0rkggqLeHYmE7gxzZMsbaMcDotdBNDY0zGeEg7jkosqAnT+cFTdOaUPhoo7UpaNFd/T6RYGDMRkesU2I7MsjcT//M6iR1chymTcWKpJItFg4Qjq9Dse9RnmhLLJ45gopm7FZER1phYl1HBhRAsv7xKmpVycFmu3F+UqrUsjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/tRuQWg==</latexit>⇢AB

<latexit sha1_base64="Y9eahUSfQI1YyY8B0wzYA7LgJj8=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCpJEXUjtHXjsoK9QBvCZDpph04mYWZSKKFv4saFIm59E3e+jdM2C239YeDjP+dwzvxBwpnSjvNtFTY2t7Z3irulvf2DwyP7+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8P693JlQqFosnPU2oF+GhYCEjWBvLt+22nzXqM3SHDNQbM+TbZafiLITWwc2hDLmavv3VH8QkjajQhGOleq6TaC/DUjPC6azUTxVNMBnjIe0ZFDiiyssWl8/QhXEGKIyleUKjhft7IsORUtMoMJ0R1iO1Wpub/9V6qQ5vvYyJJNVUkOWiMOVIx2geAxowSYnmUwOYSGZuRWSEJSbahFUyIbirX16HdrXiXleqj1flWiOPowhncA6X4MIN1OABmtACAhN4hld4szLrxXq3PpatBSufOYU/sj5/AItmkk8=</latexit>

VBA = VAB

proposed model, for a given 
parameter vector

<latexit sha1_base64="TAZZlab/bt6q4oDaFmCOBYD5U84=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9y2rt/qJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/pkGPLw==</latexit>

✓

*image from https://www.lammps.org
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Workflow for computing QOIs

online database / literature

<latexit sha1_base64="wCTMKza0o+skgf9Z/ayKdw/jEu0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9RQTxGNA9IljA7mSRDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyL1iOOY+yEdKNEXjKKVHm67V91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3Xq7cn5Wq11kceTiCYzgFDy6gCndQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwB2f+NhQ==</latexit>

FA
<latexit sha1_base64="32XagurCCsKtXNoy4SkytHRledc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY+JXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qW12rRXLPllfw60SoKMlCBDvVf86vYVSQSVlnBsTCfwYxumWFtGOJ0WuomhMSZjPKQdRyUW1ITp/OApOnNKHw2UdiUtmqu/J1IsjJmIyHUKbEdm2ZuJ/3mdxA6uw5TJOLFUksWiQcKRVWj2PeozTYnlE0cw0czdisgIa0ysy6jgQgiWX14lzUo5uCxX7i9K1ZssjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/s5aQWQ==</latexit>⇢AA

<latexit sha1_base64="8KOdqcEI7jwMI8Gc8d/+RDZ7yKo=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSox5BLx4xkYUENqRbulDptpu2a0I2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uGRr2WqCG0RyaXqhFhTzgRtGWY47SSK4jjktB2Ob2d++4kqzaR4MJOEBjEeChYxgo2VfL+fNRrTfrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVeLXqt5ltXZ/Uanf5HEU4QRO4Rw8uII63EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w9AAY7s</latexit>

VAA

<latexit sha1_base64="TRZDD4O7DZFm5ZnekCRQrNl04Kg=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgqiMcKpi20pWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMfRZLGLVDqhGwSX6hhuB7UQhjQKBrWB8O/NbT6g0j+WjmSTYi+hQ8pAzaqzk3/Wz+rRfKrsVdw6ySryclCFHo1/66g5ilkYoDRNU647nJqaXUWU4EzgtdlONCWVjOsSOpZJGqHvZ/NgpObfKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpCa86WVcJqlByRaLwlQQE5PZ52TAFTIjJpZQpri9lbARVZQZm0/RhuAtv7xKmtWKd1WpPlyWa/U8jgKcwhlcgAfXUIN7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/n9WOkg==</latexit>

FB
<latexit sha1_base64="RmqEybgvQi7zrKOXHvA5Qnmnu3A=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHEi8cI5iHJEmYns8mQeSwzs0JY8hVePCji1c/x5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzvz2E9WGKflgJwkNBR5KFjOCrZMee3qk+lm9Pu2Xyn7FnwOtkiAnZcjR6Je+egNFUkGlJRwb0w38xIYZ1pYRTqfFXmpogskYD2nXUYkFNWE2P3iKzp0yQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPv0YBpSiyfOIKJZu5WREZYY2JdRkUXQrD88ippVSvBVaV6f1mu1fM4CnAKZ3ABAVxDDe6gAU0gIOAZXuHN096L9+59LFrXvHzmBP7A+/wBtqGQWw==</latexit>⇢BB
<latexit sha1_base64="VsI4YzsBgYiYsZZxEOdsUXwHhMw=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSgx4JXjxiIgsJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eMTX8tUEdomkkvVDbGmnAnaNsxw2k0UxXHIaSec3M79zhNVmknxYKYJDWI8EixiBBsr+f4gazZng3LFrboLoHXi5aQCOVqD8ld/KEkaU2EIx1r3PDcxQYaVYYTTWamfappgMsEj2rNU4JjqIFtcO0MXVhmiSCpbwqCF+nsiw7HW0zi0nTE2Y73qzcX/vF5qopsgYyJJDRVkuShKOTISzV9HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3urL68SvVb16tXZ/VWk08ziKcAbncAkeXEMD7qAFbSDwCM/wCm+OdF6cd+dj2Vpw8plT+APn8wdDDI7u</latexit>

VBB

Step 3: compare to 
reference DFT data

<latexit sha1_base64="KNcOZTU43XxVpPSPjHRBAygaoKo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1mu1C9K1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJUnjMw=</latexit>

A

<latexit sha1_base64="yXWy4uLoK9aF9asSbYGLruXrDp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd12uNK5K1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJarjM0=</latexit>

B

<latexit sha1_base64="WXa80EkCmnV2NILRrof45p2Cfrk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8xXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qW1m2mvWPLL/hxolQQZKUGGeq/41e0rkggqLeHYmE7gxzZMsbaMcDotdBNDY0zGeEg7jkosqAnT+cFTdOaUPhoo7UpaNFd/T6RYGDMRkesU2I7MsjcT//M6iR1chymTcWKpJItFg4Qjq9Dse9RnmhLLJ45gopm7FZER1phYl1HBhRAsv7xKmpVycFmu3F+UqrUsjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/tRyQWg==</latexit>⇢BA
<latexit sha1_base64="x6Yn5zKCk6JyfecRFjpk2WYO65I=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8xXjxGMA9JljA7mSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+nfmtJ6oNU/LBTmIaCjyUbMAItk567OqR6qU3tWmvWPLL/hxolQQZKUGGeq/41e0rkggqLeHYmE7gxzZMsbaMcDotdBNDY0zGeEg7jkosqAnT+cFTdOaUPhoo7UpaNFd/T6RYGDMRkesU2I7MsjcT//M6iR1chymTcWKpJItFg4Qjq9Dse9RnmhLLJ45gopm7FZER1phYl1HBhRAsv7xKmpVycFmu3F+UqrUsjjycwCmcQwBXUIU7qEMDCAh4hld487T34r17H4vWnJfNHMMfeJ8/tRuQWg==</latexit>⇢AB

<latexit sha1_base64="Y9eahUSfQI1YyY8B0wzYA7LgJj8=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCpJEXUjtHXjsoK9QBvCZDpph04mYWZSKKFv4saFIm59E3e+jdM2C239YeDjP+dwzvxBwpnSjvNtFTY2t7Z3irulvf2DwyP7+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8P693JlQqFosnPU2oF+GhYCEjWBvLt+22nzXqM3SHDNQbM+TbZafiLITWwc2hDLmavv3VH8QkjajQhGOleq6TaC/DUjPC6azUTxVNMBnjIe0ZFDiiyssWl8/QhXEGKIyleUKjhft7IsORUtMoMJ0R1iO1Wpub/9V6qQ5vvYyJJNVUkOWiMOVIx2geAxowSYnmUwOYSGZuRWSEJSbahFUyIbirX16HdrXiXleqj1flWiOPowhncA6X4MIN1OABmtACAhN4hld4szLrxXq3PpatBSufOYU/sj5/AItmkk8=</latexit>

VBA = VAB

proposed model, for a given 
parameter vector

<latexit sha1_base64="TAZZlab/bt6q4oDaFmCOBYD5U84=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9y2rt/qJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/pkGPLw==</latexit>

✓
molecular dynamics 
simulation software*

computed 
properties 
& post 
processing

other inputs: 
• structures
• composition ranges
• optimization tolerances 
• etc.

inference

*image from https://www.lammps.org
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Bayesian calibration

<latexit sha1_base64="OdkdVIbjAfNBzoQi5U2bgoKAyBQ=">AAACEHicbVBNS0JBFJ3Xp9mX1bLNkERKIO9JVBCB1KalQX6Aiswb79PBeR/M3BeJ+BPa9FfatCiibct2/ZvmqYvSDgwczjmXO/e4kRQabfvbWlhcWl5ZTa2l1zc2t7YzO7tVHcaKQ4WHMlR1l2mQIoAKCpRQjxQw35VQc/vXiV+7B6VFGNzhIIKWz7qB8ARnaKR25mjQFrmHPL2kXkIuaBN7gCxPj2kTIi2kCSWBdiZrF+wx6DxxpiRLpii3M1/NTshjHwLkkmndcOwIW0OmUHAJo3Qz1hAx3mddaBgaMB90azg+aEQPjdKhXqjMC5CO1d8TQ+ZrPfBdk/QZ9vSsl4j/eY0YvfPWUARRjBDwySIvlhRDmrRDO0IBRzkwhHElzF8p7zHFOJoO06YEZ/bkeVItFpzTQvH2JFu6mtaRIvvkgOSIQ85IidyQMqkQTh7JM3klb9aT9WK9Wx+T6II1ndkjf2B9/gA1KZrV</latexit>

yi(x) = fi(x; ✓) + ✏i(x)

<latexit sha1_base64="QcoqvqjSCVaLnteBOPzhewc1vvA=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCvZSkiApeil48VrAf0Iay2W7apZtN2J2oJfanePGgiFd/iTf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unl3cb+ooUZQ1aCQi1faJZoJL1gAOgrVjxUjoC9byR9dTv3XPlOaRvINxzLyQDCQPOCVgpJ5dDHopn+Dy4yXuwpABOenZJafizICXiZuREspQ79lf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dnT7Bx0bp4yBSpiTgmfp7IiWh1uPQN50hgaFe9Kbif14ngeDCS7mME2CSzhcFicAQ4WkOuM8VoyDGhhCquLkV0yFRhIJJq2BCcBdfXibNasU9q1RvT0u1qyyOPDpER6iMXHSOaugG1VEDUfSAntErerOerBfr3fqYt+asbOYA/YH1+QMMKpM4</latexit>

fi(x; ✓)

simulation

molecular dynamics 
simulation software*

<latexit sha1_base64="p646t3nLy5v75VJCuMt8UQ+RJJg=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KkkRdVl047KCfUATymQ6aYdOJmFmopbYT3HjQhG3fok7/8ZJm4W2Hhg4nHMv98wJEs6Udpxva2V1bX1js7RV3t7Z3du3KwdtFaeS0BaJeSy7AVaUM0FbmmlOu4mkOAo47QTj69zv3FOpWCzu9CShfoSHgoWMYG2kvl15RB4TyIuwHhHMs+60b1edmjMDWiZuQapQoNm3v7xBTNKICk04VqrnOon2Myw1I5xOy16qaILJGA9pz1CBI6r8bBZ9ik6MMkBhLM0TGs3U3xsZjpSaRIGZzCOqRS8X//N6qQ4v/YyJJNVUkPmhMOVIxyjvAQ2YpETziSGYSGayIjLCEhNt2iqbEtzFLy+Tdr3mntfqt2fVxlVRRwmO4BhOwYULaMANNKEFBB7gGV7hzXqyXqx362M+umIVO4fwB9bnD+4Zk80=</latexit>

x 2 Xfinite composition space
<latexit sha1_base64="DZdc8nmAs1PP7wIN3DTCg2tSt/s=">AAACTHicbVDLSgMxFM3UV62vqks3wSK4KGWmFHVZ7MZlBfuATimZNNXQJDMkd6RlmA9048KdX+HGhSKC6UO01gOB87iXJCeIBDfgus9OZmV1bX0ju5nb2t7Z3cvvHzRNGGvKGjQUoW4HxDDBFWsAB8HakWZEBoK1gmFtkrfumTY8VDcwjlhXklvFB5wSsFYvTzn2ucJ+4gMbgZaJIJAW8beSfPRL1dJe4nlpcUGXF3Wl8qODWAxTP+3lC27JnQIvE29OCmiOei//5PdDGkumgApiTMdzI+gmRAOngqU5PzYsInRIblnHUkUkM91kWkaKT6zTx4NQ26MAT93fGwmRxoxlYCclgTvzN5uY/2WdGAYX3YSrKAam6OyiQSwwhHjSLO5zzSiIsSWEam7fiukd0YSC7T9nS/D+fnmZNMsl76xUvq4UqpfzOrLoCB2jU+Shc1RFV6iOGoiiB/SC3tC78+i8Oh/O52w048x3DtECMutf74m2QQ==</latexit>

i 2 {lat,mix,C11,C12,C44, bulk}physical properties

notation used to 
index different 

QOIs (102 total)

DFT data

<latexit sha1_base64="5Om5/Q1C4N8jpIVthO/bd8yVUdE=">AAACAHicbVC7TsNAEDyHVwgvAwUFzYkIiSqyI15lBA1lQOQhxSY6Xy7JKeezdbdGiiw3/AoNBQjR8hl0/A2XxAUkjLTSaGZXuztBLLgGx/m2CkvLK6trxfXSxubW9o69u9fUUaIoa9BIRKodEM0El6wBHARrx4qRMBCsFYyuJ37rkSnNI3kP45j5IRlI3ueUgJG69oEHQwYEe1xiLyQwDIL0Lns469plp+JMgReJm5MyylHv2l9eL6JJyCRQQbTuuE4MfkoUcCpYVvISzWJCR2TAOoZKEjLtp9MHMnxslB7uR8qUBDxVf0+kJNR6HAamc3Kjnvcm4n9eJ4H+pZ9yGSfAJJ0t6icCQ4QnaeAeV4yCGBtCqOLmVkyHRBEKJrOSCcGdf3mRNKsV97xSvT0t167yOIroEB2hE+SiC1RDN6iOGoiiDD2jV/RmPVkv1rv1MWstWPnMPvoD6/MHLEiWJA==</latexit>

✓ 2 R5 Interatomic 
potential model

simulation

*image from https://www.lammps.org
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Bayesian calibration

<latexit sha1_base64="OdkdVIbjAfNBzoQi5U2bgoKAyBQ=">AAACEHicbVBNS0JBFJ3Xp9mX1bLNkERKIO9JVBCB1KalQX6Aiswb79PBeR/M3BeJ+BPa9FfatCiibct2/ZvmqYvSDgwczjmXO/e4kRQabfvbWlhcWl5ZTa2l1zc2t7YzO7tVHcaKQ4WHMlR1l2mQIoAKCpRQjxQw35VQc/vXiV+7B6VFGNzhIIKWz7qB8ARnaKR25mjQFrmHPL2kXkIuaBN7gCxPj2kTIi2kCSWBdiZrF+wx6DxxpiRLpii3M1/NTshjHwLkkmndcOwIW0OmUHAJo3Qz1hAx3mddaBgaMB90azg+aEQPjdKhXqjMC5CO1d8TQ+ZrPfBdk/QZ9vSsl4j/eY0YvfPWUARRjBDwySIvlhRDmrRDO0IBRzkwhHElzF8p7zHFOJoO06YEZ/bkeVItFpzTQvH2JFu6mtaRIvvkgOSIQ85IidyQMqkQTh7JM3klb9aT9WK9Wx+T6II1ndkjf2B9/gA1KZrV</latexit>

yi(x) = fi(x; ✓) + ✏i(x)
simulation

<latexit sha1_base64="p646t3nLy5v75VJCuMt8UQ+RJJg=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KkkRdVl047KCfUATymQ6aYdOJmFmopbYT3HjQhG3fok7/8ZJm4W2Hhg4nHMv98wJEs6Udpxva2V1bX1js7RV3t7Z3du3KwdtFaeS0BaJeSy7AVaUM0FbmmlOu4mkOAo47QTj69zv3FOpWCzu9CShfoSHgoWMYG2kvl15RB4TyIuwHhHMs+60b1edmjMDWiZuQapQoNm3v7xBTNKICk04VqrnOon2Myw1I5xOy16qaILJGA9pz1CBI6r8bBZ9ik6MMkBhLM0TGs3U3xsZjpSaRIGZzCOqRS8X//N6qQ4v/YyJJNVUkPmhMOVIxyjvAQ2YpETziSGYSGayIjLCEhNt2iqbEtzFLy+Tdr3mntfqt2fVxlVRRwmO4BhOwYULaMANNKEFBB7gGV7hzXqyXqx362M+umIVO4fwB9bnD+4Zk80=</latexit>

x 2 Xfinite composition space
<latexit sha1_base64="DZdc8nmAs1PP7wIN3DTCg2tSt/s=">AAACTHicbVDLSgMxFM3UV62vqks3wSK4KGWmFHVZ7MZlBfuATimZNNXQJDMkd6RlmA9048KdX+HGhSKC6UO01gOB87iXJCeIBDfgus9OZmV1bX0ju5nb2t7Z3cvvHzRNGGvKGjQUoW4HxDDBFWsAB8HakWZEBoK1gmFtkrfumTY8VDcwjlhXklvFB5wSsFYvTzn2ucJ+4gMbgZaJIJAW8beSfPRL1dJe4nlpcUGXF3Wl8qODWAxTP+3lC27JnQIvE29OCmiOei//5PdDGkumgApiTMdzI+gmRAOngqU5PzYsInRIblnHUkUkM91kWkaKT6zTx4NQ26MAT93fGwmRxoxlYCclgTvzN5uY/2WdGAYX3YSrKAam6OyiQSwwhHjSLO5zzSiIsSWEam7fiukd0YSC7T9nS/D+fnmZNMsl76xUvq4UqpfzOrLoCB2jU+Shc1RFV6iOGoiiB/SC3tC78+i8Oh/O52w048x3DtECMutf74m2QQ==</latexit>

i 2 {lat,mix,C11,C12,C44, bulk}physical properties

notation used to 
index different 

QOIs (102 total)

discrepancy

<latexit sha1_base64="biwINfffkDoLb9/2Neul20NwqCg=">AAACPXicbVA7SwNBEN7zGePr1NJmMQgWEu5CUMtgGssIeUEuhL3NJlmyt3fszonhuD9m43+ws7OxUMTW1s1DNIkDC99jhtn5/EhwDY7zbK2srq1vbGa2sts7u3v79sFhXYexoqxGQxGqpk80E1yyGnAQrBkpRgJfsIY/LI/9xh1TmoeyCqOItQPSl7zHKQEjdewqxx6X2Es8YPeggkQQSM9/SDntJK67wAvzvFj85X4shqmXduyck3cmhZeBOwM5NKtKx37yuiGNAyaBCqJ1y3UiaCdEAaeCpVkv1iwidEj6rGWgJAHT7WRyfYpPjdLFvVCZJwFP1L8TCQm0HgW+6QwIDPSiNxb/81ox9K7aCZdRDEzS6aJeLDCEeBwl7nLFKIiRAYQqbv6K6YAoQsEEnjUhuIsnL4N6Ie9e5Au3xVzpehZHBh2jE3SGXHSJSugGVVANUfSAXtAbercerVfrw/qctq5Ys5kjNFfW1zcPZbD4</latexit>

i 2 {lat,C11,C12,C44, bulk}
<latexit sha1_base64="8xYE5CnQrIx1lzWEoUvMrlimopk=">AAAB/3icbVA9SwNBEN2LXzF+RQUbm8UgWIW7IGoZtLGMYD4gd4S9zSZZsrt37M5JwpnCv2JjoYitf8POf+MmuUITHww83pthZl4YC27Adb+d3Mrq2vpGfrOwtb2zu1fcP2iYKNGU1WkkIt0KiWGCK1YHDoK1Ys2IDAVrhsObqd98YNrwSN3DOGaBJH3Fe5wSsFKneMSxzxX2Ux/YCLRMJR9N/EmnWHLL7gx4mXgZKaEMtU7xy+9GNJFMARXEmLbnxhCkRAOngk0KfmJYTOiQ9FnbUkUkM0E6u3+CT63Sxb1I21KAZ+rviZRIY8YytJ2SwMAselPxP6+dQO8qSLmKE2CKzhf1EoEhwtMwcJdrRkGMLSFUc3srpgOiCQUbWcGG4C2+vEwalbJ3Ua7cnZeq11kceXSMTtAZ8tAlqqJbVEN1RNEjekav6M15cl6cd+dj3ppzsplD9AfO5w9otpZg</latexit>

i 2 {mix}

<latexit sha1_base64="D68aJk/ww02C/LiHuyO5RaY3EMM=">AAACJXicbVBNSwMxFMz6bf2qevQSLIIHKbsi6kGh6MWjglWhu5S36WsbTHaX5K1Ylv4ZL/4VLx4UETz5V0xrD2odCBlm5pG8iTMlLfn+hzcxOTU9Mzs3X1pYXFpeKa+uXdk0NwLrIlWpuYnBopIJ1kmSwpvMIOhY4XV8ezrwr+/QWJkml9TLMNLQSWRbCiAnNctHoXLhFvBj3uAhdZFgx914T0YXKu30eWhlR4+JBDmPmuWKX/WH4OMkGJEKG+G8WX4NW6nINSYkFFjbCPyMogIMSaGwXwpzixmIW+hgw9EENNqoGG7Z51tOafF2atxJiA/VnxMFaGt7OnZJDdS1f72B+J/XyKl9GBUyyXLCRHw/1M4Vp5QPKuMtaVCQ6jkCwkj3Vy66YECQK7bkSgj+rjxOrnarwX5192KvUjsZ1THHNtgm22YBO2A1dsbOWZ0J9sCe2At79R69Z+/Ne/+OTnijmXX2C97nFxd0pQ0=</latexit>

� = [✓, log�, log⌧ ]

<latexit sha1_base64="2E9lodjuscyAyio7Erdlj8s9Kow="></latexit>

✏i(x) ⇠ N
�
0,�2fi(x; ✓)

2 + ⌧2
�

<latexit sha1_base64="QNsxJ/raHYwrB/cygxCEevJIV6I="></latexit>

✏i(x) ⇠ N
�
0,�2fi(x; ✓)

2
�

DFT data
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Bayesian calibration

<latexit sha1_base64="OdkdVIbjAfNBzoQi5U2bgoKAyBQ=">AAACEHicbVBNS0JBFJ3Xp9mX1bLNkERKIO9JVBCB1KalQX6Aiswb79PBeR/M3BeJ+BPa9FfatCiibct2/ZvmqYvSDgwczjmXO/e4kRQabfvbWlhcWl5ZTa2l1zc2t7YzO7tVHcaKQ4WHMlR1l2mQIoAKCpRQjxQw35VQc/vXiV+7B6VFGNzhIIKWz7qB8ARnaKR25mjQFrmHPL2kXkIuaBN7gCxPj2kTIi2kCSWBdiZrF+wx6DxxpiRLpii3M1/NTshjHwLkkmndcOwIW0OmUHAJo3Qz1hAx3mddaBgaMB90azg+aEQPjdKhXqjMC5CO1d8TQ+ZrPfBdk/QZ9vSsl4j/eY0YvfPWUARRjBDwySIvlhRDmrRDO0IBRzkwhHElzF8p7zHFOJoO06YEZ/bkeVItFpzTQvH2JFu6mtaRIvvkgOSIQ85IidyQMqkQTh7JM3klb9aT9WK9Wx+T6II1ndkjf2B9/gA1KZrV</latexit>

yi(x) = fi(x; ✓) + ✏i(x)
simulation

<latexit sha1_base64="p646t3nLy5v75VJCuMt8UQ+RJJg=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KkkRdVl047KCfUATymQ6aYdOJmFmopbYT3HjQhG3fok7/8ZJm4W2Hhg4nHMv98wJEs6Udpxva2V1bX1js7RV3t7Z3du3KwdtFaeS0BaJeSy7AVaUM0FbmmlOu4mkOAo47QTj69zv3FOpWCzu9CShfoSHgoWMYG2kvl15RB4TyIuwHhHMs+60b1edmjMDWiZuQapQoNm3v7xBTNKICk04VqrnOon2Myw1I5xOy16qaILJGA9pz1CBI6r8bBZ9ik6MMkBhLM0TGs3U3xsZjpSaRIGZzCOqRS8X//N6qQ4v/YyJJNVUkPmhMOVIxyjvAQ2YpETziSGYSGayIjLCEhNt2iqbEtzFLy+Tdr3mntfqt2fVxlVRRwmO4BhOwYULaMANNKEFBB7gGV7hzXqyXqx362M+umIVO4fwB9bnD+4Zk80=</latexit>

x 2 Xfinite composition space
<latexit sha1_base64="DZdc8nmAs1PP7wIN3DTCg2tSt/s=">AAACTHicbVDLSgMxFM3UV62vqks3wSK4KGWmFHVZ7MZlBfuATimZNNXQJDMkd6RlmA9048KdX+HGhSKC6UO01gOB87iXJCeIBDfgus9OZmV1bX0ju5nb2t7Z3cvvHzRNGGvKGjQUoW4HxDDBFWsAB8HakWZEBoK1gmFtkrfumTY8VDcwjlhXklvFB5wSsFYvTzn2ucJ+4gMbgZaJIJAW8beSfPRL1dJe4nlpcUGXF3Wl8qODWAxTP+3lC27JnQIvE29OCmiOei//5PdDGkumgApiTMdzI+gmRAOngqU5PzYsInRIblnHUkUkM91kWkaKT6zTx4NQ26MAT93fGwmRxoxlYCclgTvzN5uY/2WdGAYX3YSrKAam6OyiQSwwhHjSLO5zzSiIsSWEam7fiukd0YSC7T9nS/D+fnmZNMsl76xUvq4UqpfzOrLoCB2jU+Shc1RFV6iOGoiiB/SC3tC78+i8Oh/O52w048x3DtECMutf74m2QQ==</latexit>

i 2 {lat,mix,C11,C12,C44, bulk}physical properties

notation used to 
index different 

QOIs (102 total)

DFT data discrepancy

<latexit sha1_base64="biwINfffkDoLb9/2Neul20NwqCg=">AAACPXicbVA7SwNBEN7zGePr1NJmMQgWEu5CUMtgGssIeUEuhL3NJlmyt3fszonhuD9m43+ws7OxUMTW1s1DNIkDC99jhtn5/EhwDY7zbK2srq1vbGa2sts7u3v79sFhXYexoqxGQxGqpk80E1yyGnAQrBkpRgJfsIY/LI/9xh1TmoeyCqOItQPSl7zHKQEjdewqxx6X2Es8YPeggkQQSM9/SDntJK67wAvzvFj85X4shqmXduyck3cmhZeBOwM5NKtKx37yuiGNAyaBCqJ1y3UiaCdEAaeCpVkv1iwidEj6rGWgJAHT7WRyfYpPjdLFvVCZJwFP1L8TCQm0HgW+6QwIDPSiNxb/81ox9K7aCZdRDEzS6aJeLDCEeBwl7nLFKIiRAYQqbv6K6YAoQsEEnjUhuIsnL4N6Ie9e5Au3xVzpehZHBh2jE3SGXHSJSugGVVANUfSAXtAbercerVfrw/qctq5Ys5kjNFfW1zcPZbD4</latexit>

i 2 {lat,C11,C12,C44, bulk}
<latexit sha1_base64="8xYE5CnQrIx1lzWEoUvMrlimopk=">AAAB/3icbVA9SwNBEN2LXzF+RQUbm8UgWIW7IGoZtLGMYD4gd4S9zSZZsrt37M5JwpnCv2JjoYitf8POf+MmuUITHww83pthZl4YC27Adb+d3Mrq2vpGfrOwtb2zu1fcP2iYKNGU1WkkIt0KiWGCK1YHDoK1Ys2IDAVrhsObqd98YNrwSN3DOGaBJH3Fe5wSsFKneMSxzxX2Ux/YCLRMJR9N/EmnWHLL7gx4mXgZKaEMtU7xy+9GNJFMARXEmLbnxhCkRAOngk0KfmJYTOiQ9FnbUkUkM0E6u3+CT63Sxb1I21KAZ+rviZRIY8YytJ2SwMAselPxP6+dQO8qSLmKE2CKzhf1EoEhwtMwcJdrRkGMLSFUc3srpgOiCQUbWcGG4C2+vEwalbJ3Ua7cnZeq11kceXSMTtAZ8tAlqqJbVEN1RNEjekav6M15cl6cd+dj3ppzsplD9AfO5w9otpZg</latexit>

i 2 {mix}

<latexit sha1_base64="D68aJk/ww02C/LiHuyO5RaY3EMM=">AAACJXicbVBNSwMxFMz6bf2qevQSLIIHKbsi6kGh6MWjglWhu5S36WsbTHaX5K1Ylv4ZL/4VLx4UETz5V0xrD2odCBlm5pG8iTMlLfn+hzcxOTU9Mzs3X1pYXFpeKa+uXdk0NwLrIlWpuYnBopIJ1kmSwpvMIOhY4XV8ezrwr+/QWJkml9TLMNLQSWRbCiAnNctHoXLhFvBj3uAhdZFgx914T0YXKu30eWhlR4+JBDmPmuWKX/WH4OMkGJEKG+G8WX4NW6nINSYkFFjbCPyMogIMSaGwXwpzixmIW+hgw9EENNqoGG7Z51tOafF2atxJiA/VnxMFaGt7OnZJDdS1f72B+J/XyKl9GBUyyXLCRHw/1M4Vp5QPKuMtaVCQ6jkCwkj3Vy66YECQK7bkSgj+rjxOrnarwX5192KvUjsZ1THHNtgm22YBO2A1dsbOWZ0J9sCe2At79R69Z+/Ne/+OTnijmXX2C97nFxd0pQ0=</latexit>

� = [✓, log�, log⌧ ]`

<latexit sha1_base64="2E9lodjuscyAyio7Erdlj8s9Kow="></latexit>

✏i(x) ⇠ N
�
0,�2fi(x; ✓)

2 + ⌧2
�

<latexit sha1_base64="QNsxJ/raHYwrB/cygxCEevJIV6I="></latexit>

✏i(x) ⇠ N
�
0,�2fi(x; ✓)

2
�

<latexit sha1_base64="BGCd/IZ/pZcZCO1+qY75bIXpIi4=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VoNiUpUt0IRTcuK9gHNKFMJpN26OTBzEQIsX/ixl9x40IRcde/cdIG0dYDA4dzzuXOPW7MqJCmOdNKa+sbm1vl7crO7t7+gX541BVRwjHp4IhFvO8iQRgNSUdSyUg/5gQFLiM9d3KT+70HwgWNwnuZxsQJ0CikPsVIKmmoN+OazVTcQ/ARpga8grbPEc7iWqqEwjJ+QsY0d4zpUK+adXMOuEqsglRBgfZQ/7K9CCcBCSVmSIiBZcbSyRCXFDMyrdiJIDHCEzQiA0VDFBDhZPP7pvBMKR70I65eKOFc/T2RoUCINHBVMkByLJa9XPzPGyTSv3QyGsaJJCFeLPITBmUE87KgRznBkqWKIMyp+ivEY6T6karSiirBWj55lXQbdatZb9ydV1vXRR1lcAJOQQ1Y4AK0wC1ogw7A4Am8gDfwrj1rr9qH9rmIlrRi5hj8gTb7Bk26oVE=</latexit>

p(�|y) = p(y|�)p(�)
p(y)



JULY 25-29, 2021USNCCM 16 15 / 37

• Standard strategy
1. specify a reasonable prior, e.g. uniform over a plausible range
2. perform MCMC with the full model (i.e. LAMMPS)
3. analyze posterior samples

• Challenges
1. not always clear how to specify prior parameter ranges
2. portions of the parameter space lead to unphysical results 

• unconverged minimizations, flat QOI response, kinks, etc. (next slide) 
3. simulation runtime depends on the input parameter choices 

• single evaluation ~15 minutes – 1hrs+ on a single cpu

Inference strategy
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Illustrations of challenge #2

<latexit sha1_base64="JyEAdvjO0Dc5pfLM/C9prbuSO+w=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY/BXDxGMDGQLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1oS2iuNKdCBvKmaQtyyynnURTLCJOH6JxY+Y/PFFtmJL3dpLQUOChZDEj2Dqp3ehnQW3aL1f8qj8HWiVBTiqQo9kvf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0q5Vg8tq7e6iUr/J4yjCCZzCOQRwBXW4hSa0gMAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH/Ocjro=</latexit>

C12

<latexit sha1_base64="7GDJqO7jh9OigkdHxtMPQH8KfD0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3btZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKrR6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+bVTcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxNe+xmXSWqYpItFYSqIicnsdTLgilEjJpYgVdzeSugIFVJjAyrZELzll1dJq1b1Lqu1+4tK/SaPowgncArn4MEV1OEOGtAECo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+AI3Ljx8=</latexit>↵
<latexit sha1_base64="GdkD67M3yywx7qhdRWdkfgS2RC8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YA2lM120q7dbOLuRiih/8GLB0W8+n+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LejBP0IzqQPOSMGis1VS/Dx0mvVHYr7gxkmXg5KUOOeq/01e3HLI1QGiao1h3PTYyfUWU4EzgpdlONCWUjOsCOpZJGqP1sdu2EnFqlT8JY2ZKGzNTfExmNtB5Hge2MqBnqRW8q/ud1UhNe+RmXSWpQsvmiMBXExGT6OulzhcyIsSWUKW5vJWxIFWXGBlS0IXiLLy+TZrXiXVSqd+fl2nUeRwGO4QTOwINLqMEt1KEBDB7gGV7hzYmdF+fd+Zi3rjj5zBH8gfP5A+rFj1w=</latexit>req

<latexit sha1_base64="FExa6OqaHMr4Hoq1Bgz+mvFBdp8=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY+oF48Y5JHAhswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJaPZpygH9GB5CFn1FipXu/d9Iolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5JmpexdlisPF6XqbRZHHk7gFM7Bgyuowj3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8A7c2Nkg==</latexit>

SA
<latexit sha1_base64="/Jf65qA1YDOF20bgArcbFTRzkkM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3mW5Ur8oVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5mzjM8=</latexit>

D

bulk 
mod.

2D slices of the 
simulation response

mix.
enth.
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Inference strategy
Strategy

1. Find a good initial box in the parameter space.
2. Initialize a set of training/test samples.
3. Fit Gaussian process surrogates.
4. Perform MCMC (with surrogates, uniform prior).
5. Adapt box based on posterior samples.
6. Append posterior samples to training set. 
7. Repeat steps 3-6 until:

• surrogate error on training/test samples is 
small

• posterior samples strictly contained 

(found through optimization or 
“expert opinion”)
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Inference strategy

LAMMPS evaluations 
performed “offline” in a 
highly parallelized HPC 
setting

Strategy
1. Find a good initial box in the parameter space.
2. Initialize a set of training/test samples.
3. Fit Gaussian process surrogates.
4. Perform MCMC (with surrogates, uniform prior).
5. Adapt box based on posterior samples.
6. Append posterior samples to training set.
7. Repeat steps 3-6 until:

• surrogate error on training/test samples is 
small 

• posterior samples strictly contained 



JULY 25-29, 2021USNCCM 16 20 / 37

Inference strategy
Strategy

1. Find a good initial box in the parameter space.
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Inference strategy
Strategy

1. Find a good initial box in the parameter space.
2. Initialize a set of training/test samples. 
3. Fit Gaussian process surrogates.
4. Perform MCMC (with surrogates, uniform prior).
5. Adapt box based on posterior samples.
6. Append posterior samples to training set. 
7. Repeat steps 3-6 until:

• surrogate error on training/test samples is 
small 

• posterior samples strictly contained 
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Inference strategy

LAMMPS evaluations of 
new samples performed 
“offline” in a highly 
parallelized HPC setting

Strategy
1. Find a good initial box in the parameter space.
2. Initialize a set of training/test samples.
3. Fit Gaussian process surrogates.
4. Perform MCMC (with surrogates, uniform prior).
5. Adapt box based on posterior samples.
6. Append posterior samples to training set. 
7. Repeat steps 3-6 until:

• surrogate error on training/test samples is 
small 

• posterior samples strictly contained 
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Inference strategy

(may also add new 
samples)

LAMMPS evaluations of 
new samples performed 
“offline” in a highly 
parallelized HPC setting

Strategy
1. Find a good initial box in the parameter space.
2. Initialize a set of training/test samples.
3. Fit Gaussian process surrogates.
4. Perform MCMC (with surrogates, uniform prior).
5. Adapt box based on posterior samples.
6. Append posterior samples to training set. 
7. Repeat steps 3-6 until:

• surrogate error on training/test samples is 
small 

• posterior samples strictly contained 
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• Interatomic potential model 
– RAMPAGE potential, single element terms for Au* and Cu*
– 5-parameter cross-term model

• 102 QOIs in total
– 17 compositions ranging from 3% Au to 97% Au 
– for each composition: lattice parameter, mixing enthalpy, C11, C12, C44, 

bulk modulus
• Higher-fidelity DFT data generated for each QOI

– used for fitting the uncertain parameters
• MCMC algorithm: Adaptive Metropolis

Case study: Au-Cu system

*X. W. Zhou, R. A. Johnson, H. N. G. Wadley, Phys. Rev. B, 69, 144113 (2004)
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Results: posterior marginals
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Results: snapshot of posterior predictive
QOI evaluates of posterior samples 
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Results: snapshot of pushforward posteriors
QOI evaluates of marginal posterior samples 
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A 7-parameter model

<latexit sha1_base64="W0qm1PBQ3oh7HP1ZPoNC41YQXnY="></latexit>

VAB(r) = D
⇣
e�2↵(r�req) � 2e�↵(r�req)

⌘
Interatomic potential model

What happens if we change the model? +2 parameters
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A 7-parameter model
Algorithm: Adaptive Metropolis

• multiple modes
• strong correlations

Diagnosing convergence in such settings 
can be challenging. 
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A 7-parameter model
Algorithm: Transitional MCMC

• multiple modes
• strong correlations
• “spiky” posteriors imply particle degeneracy

sequential monte carlo algorithm that 
evolves an ensemble of particles

Practical considerations:

Success of “out of the box” algorithms 
depends on the tuning parameters.

Observed correlations can inform 
modeling decisions and adjustments. 
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• Investigated RAMPAGE potential model for fitting Au-Cu 
systems

• Bayesian framework for fitting interatomic potentials
– sequential strategy based on adaptively exploring the parameter space 

with locally fit surrogate models.
• Success story: 5-parameter model
• Ongoing story: 7-parameter model

• strong correlations among parameters, multimodal posteriors
• sampling strategies tested: adaptive metropolis, transitional MCMC, parallel 

tempering
• Key topics for future work: model selection, prediction of other 

QOIs

Summary
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