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Key take-away points: 

‣ Large nanoscale systems studied with density functional theory are 
computationally expensive (scale as O(N3), N = grid points) 

‣ Deep neural networks scale as O(N), N = number of weights 
‣ We show how to calculate properties of nanoscale systems with deep 

learning with and without extensivity
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What we want to predict

A pictorial 
representation of 
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A pictorial representation of a convolutional kernel operating on a grey-scale image. 
The kernel is applied across the entire image (stride = 1) to produce a convoluted 
image. The new image pixels are given by

where a is an activation function. The weights are updated with the back-propagation 
algorithm. We essentially need to find the partial derivative of the loss function with 
respect to each weight.

x00w00
<latexit sha1_base64="GwU/IaBWPJxpAgYXvbRwsMo9Hbg=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqmRE0GXRjcsKthXaoWTSTBuayQx5qGXob7hxoYhbf8adf2M6nYW2HriXwzn3kpsTpoJrg/G3V1pZXVvfKG9WtrZ3dveq+wdtnVhFWYsmIlH3IdFMcMlahhvB7lPFSBwK1gnH1zO/88CU5om8M5OUBTEZSh5xSoyTek/9DOPpY9771Rqu4xxomfgFqUGBZr/61Rsk1MZMGiqI1l0fpybIiDKcCjat9KxmKaFjMmRdRyWJmQ6y/OYpOnHKAEWJciUNytXfGxmJtZ7EoZuMiRnpRW8m/ud1rYkug4zL1Bom6fyhyApkEjQLAA24YtSIiSOEKu5uRXREFKHGxVRxIfiLX14m7bO6j+v+7XmtcVXEUYYjOIZT8OECGnADTWgBhRSe4RXePOu9eO/ex3y05BU7h/AH3ucPfL6RTw==</latexit><latexit sha1_base64="GwU/IaBWPJxpAgYXvbRwsMo9Hbg=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqmRE0GXRjcsKthXaoWTSTBuayQx5qGXob7hxoYhbf8adf2M6nYW2HriXwzn3kpsTpoJrg/G3V1pZXVvfKG9WtrZ3dveq+wdtnVhFWYsmIlH3IdFMcMlahhvB7lPFSBwK1gnH1zO/88CU5om8M5OUBTEZSh5xSoyTek/9DOPpY9771Rqu4xxomfgFqUGBZr/61Rsk1MZMGiqI1l0fpybIiDKcCjat9KxmKaFjMmRdRyWJmQ6y/OYpOnHKAEWJciUNytXfGxmJtZ7EoZuMiRnpRW8m/ud1rYkug4zL1Bom6fyhyApkEjQLAA24YtSIiSOEKu5uRXREFKHGxVRxIfiLX14m7bO6j+v+7XmtcVXEUYYjOIZT8OECGnADTWgBhRSe4RXePOu9eO/ex3y05BU7h/AH3ucPfL6RTw==</latexit><latexit sha1_base64="GwU/IaBWPJxpAgYXvbRwsMo9Hbg=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqmRE0GXRjcsKthXaoWTSTBuayQx5qGXob7hxoYhbf8adf2M6nYW2HriXwzn3kpsTpoJrg/G3V1pZXVvfKG9WtrZ3dveq+wdtnVhFWYsmIlH3IdFMcMlahhvB7lPFSBwK1gnH1zO/88CU5om8M5OUBTEZSh5xSoyTek/9DOPpY9771Rqu4xxomfgFqUGBZr/61Rsk1MZMGiqI1l0fpybIiDKcCjat9KxmKaFjMmRdRyWJmQ6y/OYpOnHKAEWJciUNytXfGxmJtZ7EoZuMiRnpRW8m/ud1rYkug4zL1Bom6fyhyApkEjQLAA24YtSIiSOEKu5uRXREFKHGxVRxIfiLX14m7bO6j+v+7XmtcVXEUYYjOIZT8OECGnADTWgBhRSe4RXePOu9eO/ex3y05BU7h/AH3ucPfL6RTw==</latexit><latexit sha1_base64="GwU/IaBWPJxpAgYXvbRwsMo9Hbg=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqmRE0GXRjcsKthXaoWTSTBuayQx5qGXob7hxoYhbf8adf2M6nYW2HriXwzn3kpsTpoJrg/G3V1pZXVvfKG9WtrZ3dveq+wdtnVhFWYsmIlH3IdFMcMlahhvB7lPFSBwK1gnH1zO/88CU5om8M5OUBTEZSh5xSoyTek/9DOPpY9771Rqu4xxomfgFqUGBZr/61Rsk1MZMGiqI1l0fpybIiDKcCjat9KxmKaFjMmRdRyWJmQ6y/OYpOnHKAEWJciUNytXfGxmJtZ7EoZuMiRnpRW8m/ud1rYkug4zL1Bom6fyhyApkEjQLAA24YtSIiSOEKu5uRXREFKHGxVRxIfiLX14m7bO6j+v+7XmtcVXEUYYjOIZT8OECGnADTWgBhRSe4RXePOu9eO/ex3y05BU7h/AH3ucPfL6RTw==</latexit>

x10w10
<latexit sha1_base64="VU+4ebprtfN4ewjzvzpCR2r3WLk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7G7WE/g0vHhTx6p/x5r9xm+agrQ9meLw3w86+IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnG1zO/84BK81jemUmCfkSHkoecUWOl3lM/89zpY9771Zpbd3OQZeIVpAYFmv3qV28QszRCaZigWnc9NzF+RpXhTOC00ks1JpSN6RC7lkoaofaz/OYpObHKgISxsiUNydXfGxmNtJ5EgZ2MqBnpRW8m/ud1UxNe+hmXSWpQsvlDYSqIicksADLgCpkRE0soU9zeStiIKsqMjaliQ/AWv7xM2md1z617t+e1xlURRxmO4BhOwYMLaMANNKEFDBJ4hld4c1LnxXl3PuajJafYOYQ/cD5/AH/QkVE=</latexit><latexit sha1_base64="VU+4ebprtfN4ewjzvzpCR2r3WLk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7G7WE/g0vHhTx6p/x5r9xm+agrQ9meLw3w86+IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnG1zO/84BK81jemUmCfkSHkoecUWOl3lM/89zpY9771Zpbd3OQZeIVpAYFmv3qV28QszRCaZigWnc9NzF+RpXhTOC00ks1JpSN6RC7lkoaofaz/OYpObHKgISxsiUNydXfGxmNtJ5EgZ2MqBnpRW8m/ud1UxNe+hmXSWpQsvlDYSqIicksADLgCpkRE0soU9zeStiIKsqMjaliQ/AWv7xM2md1z617t+e1xlURRxmO4BhOwYMLaMANNKEFDBJ4hld4c1LnxXl3PuajJafYOYQ/cD5/AH/QkVE=</latexit><latexit sha1_base64="VU+4ebprtfN4ewjzvzpCR2r3WLk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7G7WE/g0vHhTx6p/x5r9xm+agrQ9meLw3w86+IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnG1zO/84BK81jemUmCfkSHkoecUWOl3lM/89zpY9771Zpbd3OQZeIVpAYFmv3qV28QszRCaZigWnc9NzF+RpXhTOC00ks1JpSN6RC7lkoaofaz/OYpObHKgISxsiUNydXfGxmNtJ5EgZ2MqBnpRW8m/ud1UxNe+hmXSWpQsvlDYSqIicksADLgCpkRE0soU9zeStiIKsqMjaliQ/AWv7xM2md1z617t+e1xlURRxmO4BhOwYMLaMANNKEFDBJ4hld4c1LnxXl3PuajJafYOYQ/cD5/AH/QkVE=</latexit><latexit sha1_base64="VU+4ebprtfN4ewjzvzpCR2r3WLk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7G7WE/g0vHhTx6p/x5r9xm+agrQ9meLw3w86+IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnG1zO/84BK81jemUmCfkSHkoecUWOl3lM/89zpY9771Zpbd3OQZeIVpAYFmv3qV28QszRCaZigWnc9NzF+RpXhTOC00ks1JpSN6RC7lkoaofaz/OYpObHKgISxsiUNydXfGxmNtJ5EgZ2MqBnpRW8m/ud1UxNe+hmXSWpQsvlDYSqIicksADLgCpkRE0soU9zeStiIKsqMjaliQ/AWv7xM2md1z617t+e1xlURRxmO4BhOwYMLaMANNKEFDBJ4hld4c1LnxXl3PuajJafYOYQ/cD5/AH/QkVE=</latexit>

x20w20
<latexit sha1_base64="VgWmms7CuA0OqNh3I7s1aigUzZE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76ac2dPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4LikVM=</latexit><latexit sha1_base64="VgWmms7CuA0OqNh3I7s1aigUzZE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76ac2dPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4LikVM=</latexit><latexit sha1_base64="VgWmms7CuA0OqNh3I7s1aigUzZE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76ac2dPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4LikVM=</latexit><latexit sha1_base64="VgWmms7CuA0OqNh3I7s1aigUzZE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76ac2dPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4LikVM=</latexit>

x01w01
<latexit sha1_base64="g8e8tKhMbeQ8r+OS8Ww404866yY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7G7WE/g0vHhTx6p/x5r9xm+agrQ9meLw3w86+IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnG1zO/84BK81jemUmCfkSHkoecUWOl3lM/c73pY9771Zpbd3OQZeIVpAYFmv3qV28QszRCaZigWnc9NzF+RpXhTOC00ks1JpSN6RC7lkoaofaz/OYpObHKgISxsiUNydXfGxmNtJ5EgZ2MqBnpRW8m/ud1UxNe+hmXSWpQsvlDYSqIicksADLgCpkRE0soU9zeStiIKsqMjaliQ/AWv7xM2md1z617t+e1xlURRxmO4BhOwYMLaMANNKEFDBJ4hld4c1LnxXl3PuajJafYOYQ/cD5/AH/OkVE=</latexit><latexit sha1_base64="g8e8tKhMbeQ8r+OS8Ww404866yY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7G7WE/g0vHhTx6p/x5r9xm+agrQ9meLw3w86+IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnG1zO/84BK81jemUmCfkSHkoecUWOl3lM/c73pY9771Zpbd3OQZeIVpAYFmv3qV28QszRCaZigWnc9NzF+RpXhTOC00ks1JpSN6RC7lkoaofaz/OYpObHKgISxsiUNydXfGxmNtJ5EgZ2MqBnpRW8m/ud1UxNe+hmXSWpQsvlDYSqIicksADLgCpkRE0soU9zeStiIKsqMjaliQ/AWv7xM2md1z617t+e1xlURRxmO4BhOwYMLaMANNKEFDBJ4hld4c1LnxXl3PuajJafYOYQ/cD5/AH/OkVE=</latexit><latexit sha1_base64="g8e8tKhMbeQ8r+OS8Ww404866yY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7G7WE/g0vHhTx6p/x5r9xm+agrQ9meLw3w86+IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnG1zO/84BK81jemUmCfkSHkoecUWOl3lM/c73pY9771Zpbd3OQZeIVpAYFmv3qV28QszRCaZigWnc9NzF+RpXhTOC00ks1JpSN6RC7lkoaofaz/OYpObHKgISxsiUNydXfGxmNtJ5EgZ2MqBnpRW8m/ud1UxNe+hmXSWpQsvlDYSqIicksADLgCpkRE0soU9zeStiIKsqMjaliQ/AWv7xM2md1z617t+e1xlURRxmO4BhOwYMLaMANNKEFDBJ4hld4c1LnxXl3PuajJafYOYQ/cD5/AH/OkVE=</latexit><latexit sha1_base64="g8e8tKhMbeQ8r+OS8Ww404866yY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7G7WE/g0vHhTx6p/x5r9xm+agrQ9meLw3w86+IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnG1zO/84BK81jemUmCfkSHkoecUWOl3lM/c73pY9771Zpbd3OQZeIVpAYFmv3qV28QszRCaZigWnc9NzF+RpXhTOC00ks1JpSN6RC7lkoaofaz/OYpObHKgISxsiUNydXfGxmNtJ5EgZ2MqBnpRW8m/ud1UxNe+hmXSWpQsvlDYSqIicksADLgCpkRE0soU9zeStiIKsqMjaliQ/AWv7xM2md1z617t+e1xlURRxmO4BhOwYMLaMANNKEFDBJ4hld4c1LnxXl3PuajJafYOYQ/cD5/AH/OkVE=</latexit>

x11w11
<latexit sha1_base64="3aP/x5ZQadEPKEvjofAad6PQ5AY=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqkxE0GXRjcsKthXaoWTSTBuayQx5qGXob7hxoYhbf8adf2M6nYW2HriXwzn3kpsTpoJr4/vfXmlldW19o7xZ2dre2d2r7h+0dWIVZS2aiETdh0QzwSVrGW4Eu08VI3EoWCccX8/8zgNTmifyzkxSFsRkKHnEKTFO6j31M4ynj3nvV2t+3c+BlgkuSA0KNPvVr94goTZm0lBBtO5iPzVBRpThVLBppWc1SwkdkyHrOipJzHSQ5TdP0YlTBihKlCtpUK7+3shIrPUkDt1kTMxIL3oz8T+va010GWRcptYwSecPRVYgk6BZAGjAFaNGTBwhVHF3K6Ijogg1LqaKCwEvfnmZtM/q2K/j2/Na46qIowxHcAyngOECGnADTWgBhRSe4RXePOu9eO/ex3y05BU7h/AH3ucPguCRUw==</latexit><latexit sha1_base64="3aP/x5ZQadEPKEvjofAad6PQ5AY=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqkxE0GXRjcsKthXaoWTSTBuayQx5qGXob7hxoYhbf8adf2M6nYW2HriXwzn3kpsTpoJr4/vfXmlldW19o7xZ2dre2d2r7h+0dWIVZS2aiETdh0QzwSVrGW4Eu08VI3EoWCccX8/8zgNTmifyzkxSFsRkKHnEKTFO6j31M4ynj3nvV2t+3c+BlgkuSA0KNPvVr94goTZm0lBBtO5iPzVBRpThVLBppWc1SwkdkyHrOipJzHSQ5TdP0YlTBihKlCtpUK7+3shIrPUkDt1kTMxIL3oz8T+va010GWRcptYwSecPRVYgk6BZAGjAFaNGTBwhVHF3K6Ijogg1LqaKCwEvfnmZtM/q2K/j2/Na46qIowxHcAyngOECGnADTWgBhRSe4RXePOu9eO/ex3y05BU7h/AH3ucPguCRUw==</latexit><latexit sha1_base64="3aP/x5ZQadEPKEvjofAad6PQ5AY=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqkxE0GXRjcsKthXaoWTSTBuayQx5qGXob7hxoYhbf8adf2M6nYW2HriXwzn3kpsTpoJr4/vfXmlldW19o7xZ2dre2d2r7h+0dWIVZS2aiETdh0QzwSVrGW4Eu08VI3EoWCccX8/8zgNTmifyzkxSFsRkKHnEKTFO6j31M4ynj3nvV2t+3c+BlgkuSA0KNPvVr94goTZm0lBBtO5iPzVBRpThVLBppWc1SwkdkyHrOipJzHSQ5TdP0YlTBihKlCtpUK7+3shIrPUkDt1kTMxIL3oz8T+va010GWRcptYwSecPRVYgk6BZAGjAFaNGTBwhVHF3K6Ijogg1LqaKCwEvfnmZtM/q2K/j2/Na46qIowxHcAyngOECGnADTWgBhRSe4RXePOu9eO/ex3y05BU7h/AH3ucPguCRUw==</latexit><latexit sha1_base64="3aP/x5ZQadEPKEvjofAad6PQ5AY=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqkxE0GXRjcsKthXaoWTSTBuayQx5qGXob7hxoYhbf8adf2M6nYW2HriXwzn3kpsTpoJr4/vfXmlldW19o7xZ2dre2d2r7h+0dWIVZS2aiETdh0QzwSVrGW4Eu08VI3EoWCccX8/8zgNTmifyzkxSFsRkKHnEKTFO6j31M4ynj3nvV2t+3c+BlgkuSA0KNPvVr94goTZm0lBBtO5iPzVBRpThVLBppWc1SwkdkyHrOipJzHSQ5TdP0YlTBihKlCtpUK7+3shIrPUkDt1kTMxIL3oz8T+va010GWRcptYwSecPRVYgk6BZAGjAFaNGTBwhVHF3K6Ijogg1LqaKCwEvfnmZtM/q2K/j2/Na46qIowxHcAyngOECGnADTWgBhRSe4RXePOu9eO/ex3y05BU7h/AH3ucPguCRUw==</latexit>

x21w21
<latexit sha1_base64="w1m1YWz8uYi9UKGbVPw8hAnUmzo=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76ac2bPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4XykVU=</latexit><latexit sha1_base64="w1m1YWz8uYi9UKGbVPw8hAnUmzo=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76ac2bPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4XykVU=</latexit><latexit sha1_base64="w1m1YWz8uYi9UKGbVPw8hAnUmzo=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76ac2bPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4XykVU=</latexit><latexit sha1_base64="w1m1YWz8uYi9UKGbVPw8hAnUmzo=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76ac2bPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4XykVU=</latexit>

x02w02
<latexit sha1_base64="zLogc7UUhsJ4oPTumLxVh4eK7Qk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76qVubPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4LekVM=</latexit><latexit sha1_base64="zLogc7UUhsJ4oPTumLxVh4eK7Qk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76qVubPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4LekVM=</latexit><latexit sha1_base64="zLogc7UUhsJ4oPTumLxVh4eK7Qk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76qVubPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4LekVM=</latexit><latexit sha1_base64="zLogc7UUhsJ4oPTumLxVh4eK7Qk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76qVubPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4LekVM=</latexit>

x12w12
<latexit sha1_base64="ICy2Z2qfwFnFjIiww+Fg0JxNwCM=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76qVebPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4XwkVU=</latexit><latexit sha1_base64="ICy2Z2qfwFnFjIiww+Fg0JxNwCM=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76qVebPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4XwkVU=</latexit><latexit sha1_base64="ICy2Z2qfwFnFjIiww+Fg0JxNwCM=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76qVebPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4XwkVU=</latexit><latexit sha1_base64="ICy2Z2qfwFnFjIiww+Fg0JxNwCM=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbpm1oNrsks2pZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3Mz99gPXRkTqHqcx90M6UmIoGEUr9Z76qVebPWa9X664VTcDWSVeTiqQo9Evf/UGEUtCrpBJakzXc2P0U6pRMMlnpV5ieEzZhI5411JFQ278NLt5Rs6sMiDDSNtSSDL190ZKQ2OmYWAnQ4pjs+zNxf+8boLDKz8VKk6QK7Z4aJhIghGZB0AGQnOGcmoJZVrYWwkbU00Z2phKNgRv+curpFWrem7Vu7uo1K/zOIpwAqdwDh5cQh1uoQFNYBDDM7zCm5M4L86787EYLTj5zjH8gfP5A4XwkVU=</latexit>

x22w22
<latexit sha1_base64="8yaHIDYF8iEfYUm/7qIz8HEHk8M=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbTtvQbHZJsmpZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSy4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTm7nffkCleSTvzTRGP6QjyYecUWOl3lM/rdVmj1nvlytu1c1AVomXkwrkaPTLX71BxJIQpWGCat313Nj4KVWGM4GzUi/RGFM2oSPsWippiNpPs5tn5MwqAzKMlC1pSKb+3khpqPU0DOxkSM1YL3tz8T+vm5jhlZ9yGScGJVs8NEwEMRGZB0AGXCEzYmoJZYrbWwkbU0WZsTGVbAje8pdXSatW9dyqd3dRqV/ncRThBE7hHDy4hDrcQgOawCCGZ3iFNydxXpx352MxWnDynWP4A+fzB4kCkVc=</latexit><latexit sha1_base64="8yaHIDYF8iEfYUm/7qIz8HEHk8M=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbTtvQbHZJsmpZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSy4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTm7nffkCleSTvzTRGP6QjyYecUWOl3lM/rdVmj1nvlytu1c1AVomXkwrkaPTLX71BxJIQpWGCat313Nj4KVWGM4GzUi/RGFM2oSPsWippiNpPs5tn5MwqAzKMlC1pSKb+3khpqPU0DOxkSM1YL3tz8T+vm5jhlZ9yGScGJVs8NEwEMRGZB0AGXCEzYmoJZYrbWwkbU0WZsTGVbAje8pdXSatW9dyqd3dRqV/ncRThBE7hHDy4hDrcQgOawCCGZ3iFNydxXpx352MxWnDynWP4A+fzB4kCkVc=</latexit><latexit sha1_base64="8yaHIDYF8iEfYUm/7qIz8HEHk8M=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbTtvQbHZJsmpZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSy4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTm7nffkCleSTvzTRGP6QjyYecUWOl3lM/rdVmj1nvlytu1c1AVomXkwrkaPTLX71BxJIQpWGCat313Nj4KVWGM4GzUi/RGFM2oSPsWippiNpPs5tn5MwqAzKMlC1pSKb+3khpqPU0DOxkSM1YL3tz8T+vm5jhlZ9yGScGJVs8NEwEMRGZB0AGXCEzYmoJZYrbWwkbU0WZsTGVbAje8pdXSatW9dyqd3dRqV/ncRThBE7hHDy4hDrcQgOawCCGZ3iFNydxXpx352MxWnDynWP4A+fzB4kCkVc=</latexit><latexit sha1_base64="8yaHIDYF8iEfYUm/7qIz8HEHk8M=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktgh6LXjxWsB/QLiWbTtvQbHZJsmpZ+je8eFDEq3/Gm//GdLsHbX0ww+O9GTJ5QSy4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTm7nffkCleSTvzTRGP6QjyYecUWOl3lM/rdVmj1nvlytu1c1AVomXkwrkaPTLX71BxJIQpWGCat313Nj4KVWGM4GzUi/RGFM2oSPsWippiNpPs5tn5MwqAzKMlC1pSKb+3khpqPU0DOxkSM1YL3tz8T+vm5jhlZ9yGScGJVs8NEwEMRGZB0AGXCEzYmoJZYrbWwkbU0WZsTGVbAje8pdXSatW9dyqd3dRqV/ncRThBE7hHDy4hDrcQgOawCCGZ3iFNydxXpx352MxWnDynWP4A+fzB4kCkVc=</latexit>

Original image Convoluted image

In the Kohn-sham DFT framework, one minimizes the total energy func-
tional

E[n] = T [n] + Eext[n] + EHartree[n] + EXC[n] (1)

by self-consistently solving the one particle Schrödinger equation


�1

2
r2 + Vext(r) +

1

2

Z
dr0

n(r0)

|r� r0| + VXC(n(r))

�
 i = ✏i i (2)

with

n(r) =

N/2X

i=0

| i(r)|2. (3)

In Equation 1, T is the non-interacting kinetic energy functional, Eext is the en-
ergy due to the interaction of the electrons with the external potential, EHartree

is the electrostatic energy describing the electron-electron interactions, and EXC

is the exchange-correlation energy. Multiplying equation ?? by  ⇤
i (r), summing

over the occupied orbitals and integrating over all space, we get
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Z Z
drdr0

n(r)n(r0)

|r� r0| +

Z
drVXC(n(r))n(r) =

N/2X

i

✏i. (4)

In equation 1, we can replace the non-interacting kinetic energy functional with

T [n] =

N/2X

i

✏i �
Z

dr Vext(r)n(r)�
Z Z

drdr0
n(r)n(r0)
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Z

drVXC(n(r))n(r)

(5)
such that the total energy is

E =

N/2X

i

✏i �
1

2

Z Z
drdr0

n(r)n(r0)

|r� r0| + EXC[n]�
Z

drVXC(n(r))n(r). (6)
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Examples of input images fed into 
the neural network. a) Dimer 
molecule interacting through a 
Lennard-Jones potential. b) 

Graphene-hexagonal Boron-Nitride 
(hBN) heterostructure. c) hBN 
with a single point defect. d) 
Graphene with a Stone-Wales 

defect. 

6.85 meV / atom mean 
absolute error on 

independent molecular 
dynamics.

Predicting total energies with convolutional neural networks
The networks 

used in the study.

0.198 meV / atom mean 
absolute error on test set. 
This data set is correlated 

with the training set.

Chemical accuracy: 43.36 meV
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b)

Including extensivity in deep neural networks
Below: The process of breaking down 

images into smaller ones (tiles) based on 
focus and context sizes. The larger image 
is generated using Gaussian functions to 

represent atomic positions. This was 
done for a graphene sheet with nano-

pores.  

Right: The tiles are (simultaneously) fed 
into parallel networks, which are 

summed over to produce the extensive 
quantity.

Scaling performance of density 
functional theory and extensive 

deep neural networks versus 
system size. Each unit cell consists 

of 60 atoms.

Energy predictions from extensive 
deep neural networks and true 
energy calculations done with 

density functional theory. All of 
the predictions are within chemical 

accuracy. 


