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�B�M�/�B�+���i�B�p�2 �Q�7 �b�m�`�7���+�2 �`�2�i�m�`�M�b�X �h�?�2 �/�2�M�b�B�i�v �p���H�m�2�b ���`�2 �/�2�i�2�`�K�B�M�2�/ ���+�`�Q�b�b �� �m�b�2�` �b�T�2�+�B�}�2�/ �;�`�B�/ �r�B�i�?
�i�?�2 �/�2�7���m�H�i �p���H�m�2�b �#�2�B�M�; �y�X�8 �K �B�M �i�?�2 �p�2�`�i�B�+���H �/�B�`�2�+�i�B�Q�M ���M�/ �R�y �K �B�M �i�?�2 �?�Q�`�B�x�Q�M�i���H �/�B�`�2�+�i�B�Q�M�X �h�?�B�b
�;�`�B�/�/�B�M�; �+�Q�M�p�2�M�i�B�Q�M �T�`�Q�p�B�/�2 �b�m�`�7���+�2 �?�2�B�;�?�i�b ���M�/ ���H�Q�M�;�@�i�`���+�F �H���i�B�i�m�/�2�b�X �h�?�2 �T�?�Q�i�Q�M �+�H�m�b�i�2�`�b ���`�Q�m�M�/ ��
�?�2�B�;�?�i �Q�7 �y �K ���`�2 �H���#�2�H�2�/ �i�Q �#�2 �i�?�2 �Q�+�2���M �b�m�`�7���+�2 �T�?�Q�i�Q�M�b ���M�/ �b�m�`�7���+�2 �?�2�B�;�?�i �B�b �2�b�i�B�K���i�2�/ �i�Q �#�2 �i�?�2
�K�2�/�B���M �p���H�m�2 �Q�7 �+�H�m�b�i�2�`�X �S�?�Q�i�Q�M �+�H�m�b�i�2�`�b �i�?���i �Q�+�+�m�` �#�2�H�Q�r �i�?�2 �Q�+�2���M �b�m�`�7���+�2 �p���H�m�2 ���`�2 �B�/�2�M�i�B�}�2�/ �p�B��
�2�p���H�m���i�B�Q�M �T�2�`�@�;�`�B�/�@�+�2�H�H �#���b�B�b �`�2�H���i�B�p�2 �i�Q �m�b�2�` �/�2�}�M�2�/ �i�?�`�2�b�?�Q�H�/�b �Q�7 �i�?�2 �b�B�;�M���H �i�Q �M�Q�B�b�2�X �*�@�a�>�1�G�S�?
�T�`�Q�p�2�/ �p�2�`�v �b�m�+�+�2�b�b�7�m�H �B�M �i�?�2 �*���`�B�#�#�2���M �2�M�p�B�`�Q�M�K�2�M�i ���b �i�?�2 �r���i�2�` �?���b �7���B�`�H�v �H�Q�r �i�m�`�#�B�/�B�i�v�- �i�?�2
�/�2�T�i�?�b �`���M�;�2 �7�`�Q�K �y�@�R�y �K ���M�/ �i�?�2 �b�2���~�Q�Q�` �B�b �?�B�;�?�H�v �`�2�~�2�+�i�B�p�2�c ���H�H �Q�7 �r�?�B�+�? �T�`�Q�p�B�/�2 ���M �B�/�2���H �b�+�2�M���`�B�Q
�7�Q�` �/�2�M�b�B�i�v �/�`�B�p�2�M �b�B�;�M���H �}�M�/�B�M�;�X

�h�?�2 ���h�G�k�9 �B�K�T�H�2�K�2�M�i���i�B�Q�M �Q�7 �*�@�a�>�1�G�S�? �#�B�M�b �T�?�Q�i�Q�M�b �B�M�i�Q �y�X�y�y�R �/�2�;�`�2�2 ���H�Q�M�; �i�`���+�F �#�H�Q�+�F�b ���M�/
�y�X�8 �K�2�i�2�` �p�2�`�i�B�+���H �#�H�Q�+�F�b�X �h�?�2 �M�m�K�#�2�` �Q�7 �T�?�Q�i�Q�M�b �B�M �2���+�? �#�H�Q�+�F �B�b �+�Q�m�M�i�2�/ ���M�/ �i�?�2�M �m�b�B�M�; �i�?�2�b�2 �#�B�M
�+�Q�m�M�i�b�- �� �i�?�`�2�b�?�Q�H�/ �B�b �+���H�+�m�H���i�2�/ �#���b�2�/ �Q�M �i�?�2 �M�m�K�#�2�` �Q�7 �T�?�Q�i�Q�M�b �B�M ���H�H �i�?�2 �#�H�Q�+�F�b�X �h�?�2 �i�?�`�2�b�?�Q�H�/ �B�b
�/�2�}�M�2�/ ���b �i�?�2 �M�i�? �T�2�`�+�2�M�i�B�H�2 �Q�7 �T�?�Q�i�Q�M �+�Q�m�M�i�b �T�2�` �#�H�Q�+�F �r�?�2�`�2 �M�4�y�X�8�X ���H�i�?�Q�m�;�? �*�a�>�1�G�S�? �?���b
�#�2�2�M �m�b�2�/ �B�M �i�?�2 �T���b�i �i�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �b�2�� �b�m�`�7���+�2�- �i�?�2 ���h�G�k�9 �m�b���;�2 �i���F�2�b �i�?�2 �b�m�`�7���+�2 �B�M�T�m�i �7�`�Q�K
�i�?�2 �Z�m���M�i�B�H�2 �h�`�2�2�b �Q�m�i�T�m�i �U�b�2�+�i�B�Q�M�9�X�9�X�e�V�X

�h�?�2 �i�?�`�2�b�?�Q�H�/ �B�b �+���H�+�m�H���i�2�/ �7�Q�` �i�?�2 �3�8�W ���M�/ �e�8�W ���M�/ �B�7 �i�?�2�b�2 ���`�2 �2�[�m���H�- �Q�` �i�?�2 �e�8�W �i�?�`�2�b�?�Q�H�/
�M�m�K�#�2�` �Q�7 �T�?�Q�i�Q�M�b �B�M �� �#�B�M �B�b �H�2�b�b �i�?���M �}�p�2�- �i�?�2 ���H�;�Q�`�B�i�?�K �b�2�i�b �i�?�2 �`�2�[�m�B�`�2�/ �M�m�K�#�2�` �Q�7 �T�?�Q�i�Q�M�b �B�M ��
�#�B�M �7�Q�` �#���i�?�v�K�2�i�`�v �T�`�2�/�B�+�i�B�Q�M �i�Q �Q�+�+�m�` �2�[�m���H �i�Q �}�p�2�X

�k�j



���H�;�Q�`�B�i�?�K �e�*�@�a�>�1�G�S�? ���H�;�Q�`�B�i�?�K
�A�M�T�m�i�,�S�Q�B�M�i �*�H�Q�m�/�- �a�2�� �a�m�`�7���+�2n�-k
�P�m�i�T�m�i�,�"���i�?�v�K�2�i�`�v

binnedphotons  �#�B�M �T�?�Q�i�Q�M�b �B�M�i�Q �y�X�y�y�R �/�2�;�`�2�2�b ���H�Q�M�; �i�`���+�F�- �y�X�8�K �p�2�`�i�B�+���H �U�S�Q�B�M�i �*�H�Q�m�/n �a�2��
�a�m�`�7���+�2�V
�B�7thresh 85 == thresh n �i�?�2�M

�B�7thresh 85 < 5 �i�?�2�M
mincounts = 5

�2�H�b�2
mincounts = thresh n

�2�M�/ �B�7
�B�7thresh n < 5 �i�?�2�M

mincounts = 5
�2�H�b�2

mincounts = thresh n

�2�M�/ �B�7
�2�M�/ �B�7
�"���i�?�v�K�2�i�`�v �( �)
�7�Q�b̀ini 2 binnedphotons �/�Q

�B�7bini �@ �T�?�Q�i�Q�M �+�Q�m�M�i> mincounts �i�?�2�M
�"���i�?�v�K�2�i�`�v ���T�T�2�M�/�U�"���i�?�v�K�2�i�`�v�-bini �T�?�Q�i�Q�M�b�V

�2�M�/ �B�7
�2�M�/ �7�Q�`

�k�9



�9�X�9�X�e �Z�m���M�i�B�H�2 �h�`�2�2�b �*�H���b�b�B�}�+���i�B�Q�M

�a�B�K�B�H���` �i�Q �i�?�2 �*�Q���b�i�L�2�i ���H�;�Q�`�B�i�?�K�- �i�?�2 �Z�m���M�i�B�H�2 �h�`�2�2�b �U�Q�` �Z�h�`�2�2�b�V ���H�;�Q�`�B�i�?�K ���`�`���M�;�2�b �;�`�Q�m�M�/ �i�`���+�F
�T�`�Q�}�H�2�b ���b �i�r�Q �/�B�K�2�M�b�B�Q�M���H �T�`�Q�}�H�2 �B�K���;�2�b�X ���i �2���+�? �T�?�Q�i�Q�M �B�M �i�?�2 �i�`���+�F�- �i�?�2 ���H�;�Q�`�B�i�?�K �r�B�H�H �+�Q�M�i�b�i�`�m�+�i
���M �B�K���;�2 �+�2�M�i�2�`�2�/ ���i �i�?�2 �i���`�;�2�i �T�?�Q�i�Q�M�X �>�Q�r�2�p�2�`�- �m�M�H�B�F�2 �i�?�2 �*�Q���b�i�L�2�i ���H�;�Q�`�B�i�?�K�- �i�?�2 �Z�h�`�2�2�b
���H�;�Q�`�B�i�?�K �T�H���+�2�b �i�?�2 �/�B�b�i�`�B�#�m�i�B�Q�M �Q�7 �T�?�Q�i�Q�M�b �r�B�i�?�B�M �2���+�? �B�K���;�2 �+�Q�H�m�K�M �B�M�i�Q �[�m���M�i�B�H�2�b�X �L�@�[�m���M�i�B�H�2�b
���`�2 �M�Q�M�@�T���`���K�2�i�`�B�+ �/�2�b�+�`�B�T�i�B�Q�M�b �Q�7 �/�B�b�i�`�B�#�m�i�B�Q�M�b �i�?���i �T���`�i�B�i�B�Q�M�b �� �b�2�i �Q�7 �Q�#�b�2�`�p���i�B�Q�M�b �B�M�i�Q �L �#�B�M�b�X �A�M
�Q�m�` ���H�;�Q�`�B�i�?�K�- �L �B�b �i�v�T�B�+���H�H�v �b�2�i �i�Q �j�k �#�B�M�b�X

�h�?�2 �[�m���M�i�B�H�2 �#�B�M�b �B�M �2���+�? �+�Q�H�m�K�M �Q�7 �i�?�2 �B�K���;�2 ���`�2 �i�?�2�M �m�b�2�/ ���b �7�2���i�m�`�2�b �i�Q �� �b�m�T�2�`�p�B�b�2�/ �H�2���`�M�B�M�;
���H�;�Q�`�B�i�?�K�X �A�M �Q�m�` �B�K�T�H�2�K�2�M�i���i�B�Q�M�- �r�2 �m�b�2 �i�?�2 �2�t�i�`�2�K�2 �;�`���/�B�2�M�i �#�Q�Q�b�i�2�/ ���H�;�Q�`�B�i�?�K �s�:�"�Q�Q�b�i�X �a�Q�- �7�Q�`
�2�t���K�T�H�2�- �7�Q�` �� �;�B�p�2�M �T�?�Q�i�Q�M�- �i�?�2 �B�K���;�2 �r�B�H�H �i�v�T�B�+���H�H�v �#�2 �/�B�p�B�/�2�/ �B�M�i�Q �M�B�M�2 �+�Q�H�m�K�M�b �U���M �Q�/�/ �M�m�K�#�2�`
�b�Q �i�?���i �i�?�2 �i���`�;�2�i �T�?�Q�i�Q�M �H�B�2�b �r�B�i�?�B�M �i�?�2 �+�2�M�i�2�` �+�Q�H�m�K�M�V�X �A�7 �r�2 ���`�2 �m�b�B�M�; �L�@�[�m���M�i�B�H�2�b �r�B�i�? �L�4�j�k�-
�i�?�2�M �i�?�2�`�2 �r�B�H�H �#�2 �N �t �j�k �4 �k�3�3 �7�2���i�m�`�2�b�- �T�H�m�b �i�?�2 �2�H�2�p���i�B�Q�M �Q�7 �i�?�2 �i���`�;�2�i �T�?�Q�i�Q�M�- �7�Q�` �� �i�Q�i���H �Q�7 �k�3�N
�B�M�T�m�i �7�2���i�m�`�2�b�X �h�?�2 ���H�;�Q�`�B�i�?�K �r�B�H�H �i�?�2�M �i�`���B�M �Q�M �;�`�Q�m�M�/ �i�`���+�F�b �7�`�Q�K �?�m�M�/�`�2�/�b �Q�7 �H���#�2�H�2�/ �/���i���b�2�i�b
�i�Q �T�`�Q�/�m�+�2 �� �K�Q�/�2�H �i�?���i �+���M �T�`�2�/�B�+�i�M�Q�B�b�2�-�b�2�� �b�m�`�7���+�2�- ���M�/�#���i�?�v�K�2�i�`�v�H���#�2�H�b �7�Q�` ���M�v �;�B�p�2�M �B�M�T�m�i
�;�`�Q�m�M�/ �i�`���+�F�X

�6�B�;�m� �̀2 �9�,�1�t���K�T�H�2 �Q�7 �i�?�2 �Z�h� �̀2�2�b ���H�;�Q�`�B�i�?�K�X �1���+�? �p�2�`�i�B�+���H �+�Q�H�m�K�M �Q�7 �i�?�2 �B�K���;�2 �B�b �T���`�i�B�i�B�Q�M�2�/
�B�M�i�Q �L�@�[�m���M�i�B�H�2�b�X �h�?�2 �[�m���M�i�B�H�2 �#�Q�m�M�/���`�B�2�b ��� �̀2 �i�?�2�M �m�b�2�/ ���b �7�2���i�m� �̀2�b�- ���H�Q�M�; �r�B�i�? �i�?�2 �i��� �̀;�2�i �T�?�Q�i�Q�M�ö�b
�2�H�2�p���i�B�Q�M�- �r�?�B�+�? ��� �̀2 �m�b�2�/ ���b �B�M�T�m�i�b �i�Q ���M �s�:�"�Q�Q�b�i �+�H���b�b�B�}�2�`�X

�k�8



���H�;�Q�`�B�i�?�K �d�Z�h�`�2�2�b �*�H���b�b�B�}�+���i�B�Q�M ���H�;�Q�`�B�i�?�K
�A�M�T�m�i�,�A�*�1�a���i�@�k �;�`���M�m�H�2
�P�m�i�T�m�i�,�S�?�Q�i�Q�M �H���#�2�H �T�`�2�/�B�+�i�B�Q�M�b

G  �;�`���M�m�H�2 �T�?�Q�i�Q�M�b
M  �T�`�2�i�`���B�M�2�/ �K�Q�/�2�H
�7�Q�g̀i � G�-ci � �+�Q�M�i�2�t�i �T�?�Q�i�Q�M�b �+�2�M�i�2�`�2�/ ���igi �/�Q

Qi  �k�3�3 �[�m���M�i�B�H�2 �#�B�M �H�Q�+���i�B�Q�M�b �7�Q�`�K�2�/ �7�`�Q�Kci

ei  �2�H�2�p���i�B�Q�M �Q�7 �T�?�Q�i�Q�Mgi

prediction i  �J (ei ; Qi )
�2�M�/ �7�Q�`

�k�e



�9�X�9�X�d �1�M�b�2�K�#�H�2 �*�H���b�b�B�}�+���i�B�Q�M

���M �2�M�b�2�K�#�H�2 �B�b �� �K�2�i���@�K���+�?�B�M�2 �H�2���`�M�B�M�; �i�2�+�?�M�B�[�m�2 �m�b�2�/ �i�Q �+�Q�K�#�B�M�2 �T�`�2�/�B�+�i�B�Q�M�b �7�`�Q�K �K�m�H�i�B�T�H�2
���H�;�Q�`�B�i�?�K�b�X �1�M�b�2�K�#�H�2�b �+���M �;�2�M�2�`���i�2 �T�`�2�/�B�+�i�B�Q�M�b �i�?���i ���`�2 �K�Q�`�2 ���+�+�m�`���i�2 �i�?���M �i�?�2 �T�`�2�/�B�+�i�B�Q�M�b �Q�7
�2���+�? �Q�7 �i�?�2 �+�Q�K�#�B�M�2�/ ���H�;�Q�`�B�i�?�K�b �B�M�/�B�p�B�/�m���H�H�v�X �h�?�2 �T���`�i�B�+�m�H���` �i�v�T�2 �Q�7 �2�M�b�2�K�#�H�2 �m�b�2�/ �#�v ���h�G�k�9 �B�b ��
�b�i���+�F�B�M�; �2�M�b�2�K�#�H�2�X �h�?�B�b �K�2�i�?�Q�/ �B�b �/�B�z�2�`�2�M�i �7�`�Q�K �� �p�Q�i�B�M�; �b�+�?�2�K�2 �#�2�+���m�b�2 �B�i ���H�H�Q�r�b �i�?�2 �K�Q�/�2�H �i�Q
�H�2���`�M �r�?�B�+�? �+�Q�K�#�B�M���i�B�Q�M�b �Q�7 �T�`�2�/�B�+�i�B�Q�M�b �T�`�Q�/�m�+�2 �i�?�2 �#�2�b�i �`�2�b�m�H�i�b�X �6�Q�` �2�t���K�T�H�2�- �Q�M�2 ���H�;�Q�`�B�i�?�K �K���v
�#�2 �;�Q�Q�/ ���i �T�`�2�/�B�+�i�B�M�; �#���i�?�v�K�2�i�`�v �B�M �+�2�`�i���B�M �2�M�p�B�`�Q�M�K�2�M�i���H �+�Q�M�/�B�i�B�Q�M�b�- �r�?�B�H�2 �i�?�2 �Q�i�?�2�`�b �K�B�;�?�i �#�2
�b�i���i�B�b�i�B�+���H�H�v �/�B�p�B�/�2�/ �#�2�i�r�2�2�M �+�?�Q�Q�b�B�M�; �#���i�?�v�K�2�i�`�v �p�2�`�b�m�b �b�2�� �b�m�`�7���+�2 �H���#�2�H�b �7�Q�` �i�?�2 �;�B�p�2�M �T�?�Q�i�Q�M�b�X

�h�?�2 ���h�G�k�9 �+�Q�M�b�B�b�i�b �Q�7 �� �;�`���/�B�2�M�i�@�#�Q�Q�b�i�2�/ �/�2�+�B�b�B�Q�M �i�`�2�2 �U�s�:�"�Q�Q�b�i�V �r�B�i�?�B�M �� �b�m�T�2�`�p�B�b�2�/ �K���+�?�B�M�2
�H�2���`�M�B�M�; �7�`���K�2�r�Q�`�F�X �s�:�"�Q�Q�b�i �B�b ���H�b�Q �F�M�Q�r�M ���b �ô�1�t�i�`�2�K�2 �:�`���/�B�2�M�i �"�Q�Q�b�i�B�M�;�ô�X �h�?�2 �7�`���K�2�r�Q�`�F
�i���F�2�b ���b �B�M�T�m�i �i�?�2 �T�?�Q�i�Q�M �+�H���b�b�B�}�+���i�B�Q�M �T�`�2�/�B�+�i�B�Q�M�b �Q�m�i�T�m�i �7�`�Q�K �2���+�? �Q�7 �i�?�2 �+�H���b�b�B�}�+���i�B�Q�M ���H�;�Q�`�B�i�?�K�b
�U�J�2�/�B���M �6�B�H�i�2�`�- �*�@�a�?�2�H�T�?�- �2�i�+�X�V ���M�/ �B�M�+�Q�`�T�Q�`���i�2�b �i�?�2�K �B�M�i�Q �i�?�2 �/�2�+�B�b�B�Q�M �i�`�2�2 �K�Q�/�2�H�- �r�?�B�+�? �B�b
�i�?�2�M �i�`���B�M�2�/ �m�b�B�M�; �?���M�/�@�H���#�2�H�2�/ �r���i�2�` �b�m�`�7���+�2�- �#���i�?�v�K�2�i�`�v�- ���M�/ �M�Q�B�b�2 �T�?�Q�i�Q�M�b ���b �i�?�2 �;�`�Q�m�M�/�@�i�`�m�i�?
�`�2�7�2�`�2�M�+�2�X �P�i�?�2�` �7�2���i�m�`�2�b �H�B�F�2 �T�?�Q�i�Q�M �/�2�T�i�? ���M�/ �b�B�;�M���H �+�Q�M�}�/�2�M�+�2 �K���v ���H�b�Q �#�2 �m�b�2�/ ���b �K�Q�/�2�H �B�M�T�m�i�b�X
�h�?�B�b �i�2�+�?�M�B�[�m�2 ���H�H�Q�r�b �i�?�2 �K�Q�/�2�H �i�Q �H�2���`�M �r�?�B�+�? �T�`�2�/�B�+�i�B�Q�M �i�Q �b�2�H�2�+�i �7�`�Q�K �i�?�2 �B�M�T�m�i�b �7�Q�` ���M�v �;�B�p�2�M
�+�Q�M�i�2�t�i�X

�6�Q�` �2�t���K�T�H�2�- �i�?�2 �K�Q�/�2�H �K���v �H�2���`�M �i�?���i �+�2�`�i���B�M �+�Q�K�#�B�M���i�B�Q�M�b �Q�7 �B�M�T�m�i �T�`�2�/�B�+�i�B�Q�M�b �T�`�Q�/�m�+�2 �K�Q�`�2
���+�+�m�`���i�2 �`�2�b�m�H�i�b �i�?���M �Q�i�?�2�`�b�X �h�?�2 �K�Q�/�2�H �+�Q�m�H�/ ���H�b�Q �H�2���`�M�- �7�Q�` �2�t���K�T�H�2�- �r�?�B�+�? ���H�;�Q�`�B�i�?�K�b �r�Q�`�F �#�2�i�i�2�`
�B�M �/�2�2�T �p�2�`�b�m�b �b�?���H�H�Q�r �r���i�2�`�- �Q�` �r�?�2�M �i�?�2�`�2 �B�b �K�Q�`�2 �Q�` �H�2�b�b �#���+�F�;�`�Q�m�M�/ �M�Q�B�b�2�- ���M�/ �i�?�2�M �K���F�2 �B�i�b
�}�M���H �T�`�2�/�B�+�i�B�Q�M ���+�+�Q�`�/�B�M�;�H�v�X �h�?�2�b�2 �+���T���#�B�H�B�i�B�2�b ���H�H�Q�r �i�?�2 �K�Q�/�2�H �i�Q �K���F�2 �#�2�i�i�2�` �T�`�2�/�B�+�i�B�Q�M�b �i�?���M
�K���M�v �Q�i�?�2�` �i�2�+�?�M�B�[�m�2�b�- �b�m�+�? ���b �H�B�M�2���` �`�2�;�`�2�b�b�B�Q�M �Q�` �p�Q�i�B�M�;�X �l�H�i�B�K���i�2�H�v�- �i�?�2 �2�M�b�2�K�#�H�2 �7�`���K�2�r�Q�`�F �B�b
�+�Q�M�}�;�m�`�2�/ �i�Q ���/�/ ���M�v �M�m�K�#�2�` �Q�7 �`�2�H�2�p���M�i �B�M�T�m�i �7�2���i�m�`�2�b �B�M ���/�/�B�i�B�Q�M �i�Q ���M �m�M�H�B�K�B�i�2�/ �M�m�K�#�2�` �Q�7 �#���b�2
�+�H���b�b�B�}�+���i�B�Q�M �T�`�2�/�B�+�i�B�Q�M�b ���b �M�2�r ���H�;�Q�`�B�i�?�K�b �#�2�+�Q�K�2 ���p���B�H���#�H�2�X �>�Q�r�2�p�2�`�- ���b ���/�/�B�i�B�Q�M���H ���H�;�Q�`�B�i�?�K
�T�`�2�/�B�+�i�B�Q�M�b ���`�2 �B�M�+�H�m�/�2�/�- �i�?�2 �2�M�b�2�K�#�H�2 �K�Q�/�2�H �K�m�b�i �#�2 �`�2�i�`���B�M�2�/ �Q�M �i�?�2 �+�Q�K�T�`�2�?�2�M�b�B�p�2 �7�2���i�m�`�2 �b�T���+�2
�#�2�7�Q�`�2 �B�K�T�H�2�K�2�M�i���i�B�Q�M�X

���H�;�Q�`�B�i�?�K �3�1�M�b�2�K�#�H�2 �*�H���b�b�B�}�+���i�B�Q�M ���H�;�Q�`�B�i�?�K
�A�M�T�m�i�,�A�*�1�a���i�@�k �;�`���M�m�H�2�- �S�?�Q�i�Q�M �H���#�2�H �T�`�2�/�B�+�i�B�Q�M�b �7�`�Q�K �2���+�? ���H�;�Q�`�B�i�?�K
�P�m�i�T�m�i�,�_�2�p�B�b�2�/ �T�?�Q�i�Q�M �H���#�2�H �T�`�2�/�B�+�i�B�Q�M�b

G  �;�`���M�m�H�2 �T�?�Q�i�Q�M�b
P  �T�?�Q�i�Q�M �T�`�2�/�B�+�i�B�Q�M�b �7�`�Q�K �2���+�? ���H�;�Q�`�B�i�?�K
M  �T�`�2�i�`���B�M�2�/ �K�Q�/�2�H
�7�Q�g̀i � G �/�Q

pi  �S�ö�b �H�2�M�;�i�? �d �p�2�+�i�Q�` �Q�7 �T�`�2�/�B�+�i�B�Q�M�b �7�Q�` �T�?�Q�i�Q�Mi
ei  �2�H�2�p���i�B�Q�M �Q�7 �T�?�Q�i�Q�Mgi

prediction i  �J (pi ; ei )
�2�M�/ �7�Q�`

�k�d



�9�X�9�X�3 �"�H�m�M�/�2�` �.�2�i�2�+�i�B�Q�M

�"�H�m�M�/�2�` �/�2�i�2�+�i�B�Q�M �B�b �� �b�2�`�B�2�b �Q�7 �b�B�K�T�H�2 �T�Q�b�i�@�T�`�Q�+�2�b�b�B�M�; �+�?�2�+�F�b�X �h�?�2�b�2 �+�?�2�+�F�b �2�M�b�m�`�2 �i�?���i �i�?�2 �T�?�Q�i�Q�M
�+�H���b�b�B�}�+���i�B�Q�M �T�`�2�/�B�+�i�B�Q�M�b ���M�/ �2�H�2�p���i�B�Q�M �2�b�i�B�K���i�2�b �K���F�2 �H�Q�;�B�+���H �b�2�M�b�2�X

�S�`�B�Q�` �i�Q �#�H�m�M�/�2�` �/�2�i�2�+�i�B�Q�M�- �2���+�? �T�?�Q�i�Q�M �?���b ���H�`�2���/�v �#�2�2�M �H���#�2�H�2�/ ���b �Q�M�2 �Q�7�m�M�+�H���b�b�B�}�2�/�- �b�2��
�b�m�`�7���+�2 �U�*�H���b�b �9�R�V�- �Q�`�#���i�?�v�K�2�i�`�v �U�*�H���b�b �9�y�V�X �A�M ���/�/�B�i�B�Q�M�- �2���+�? �T�?�Q�i�Q�M �?���b ���M ���b�b�Q�+�B���i�2�/ �b�2�� �b�m�`�7���+�2
�2�b�i�B�K���i�2 ���M�/ �#���i�?�v�K�2�i�`�v �/�2�T�i�? �2�b�i�B�K���i�2 ���i �i�?���i �T�?�Q�i�Q�M�X

�h�?�2 �+�?�2�+�F�b �i�?���i ���`�2 �T�2�`�7�Q�`�K�2�/ ���`�2�,

�R�X�a�m�`�7���+�2 �2�H�2�p���i�B�Q�M �+�?�2�+�F�, �1�M�b�m�`�2 �i�?���i �T�?�Q�i�Q�M�b �H���#�2�H�2�/ ���b�b�2�� �b�m�`�7���+�2���`�2 �+�H�Q�b�2 �i�Q �i�?�2 �b�2�� �H�2�p�2�H
�2�b�i�B�K���i�2�X �S�?�Q�i�Q�M�b �i�?���i ���`�2 �M�Q�i �r�B�i�?�B�M�- �7�Q�` �2�t���K�T�H�2�-� �j�y �K�2�i�2�`�b �Q�7 �i�?�2 �b�2�� �H�2�p�2�H �2�b�i�B�K���i�2 ���i
�i�?���i �T�?�Q�i�Q�M ���`�2 �`�2�H���#�2�H�2�/ ���b�m�M�+�H���b�b�B�}�2�/�X

�k�X�"���i�?�v�K�2�i�`�v �2�H�2�p���i�B�Q�M �+�?�2�+�F�, �S�?�Q�i�Q�M�b �H���#�2�H�2�/ ���b�#���i�?�v�K�2�i�`�v���`�2 �`�2�H���#�2�H�2�/ ���b�m�M�+�H���b�b�B�}�2�/�B�7
�i�?�2�v ���`�2 �/�2�2�T�2�` �i�?���M�- �7�Q�` �2�t���K�T�H�2�- �R�y�y �K�2�i�2�`�b �#�2�H�Q�r �i�?�2 �b�2�� �H�2�p�2�H �2�b�i�B�K���i�2 ���i �i�?���i �T�?�Q�i�Q�M�X

�j�X�"���i�?�v�K�2�i�`�v �`�2�H���i�B�p�2 �2�H�2�p���i�B�Q�M �+�?�2�+�F�, �S�?�Q�i�Q�M�b �H���#�2�H�2�/ ���b�#���i�?�v�K�2�i�`�v���`�2 �`�2�H���#�2�H�2�/ ���b�m�M�+�H���b�b�B�}�2�/
�B�7 �i�?�2 �T�?�Q�i�Q�M�ö�b �2�H�2�p���i�B�Q�M �B�b �;�`�2���i�2�` �i�?���M �i�?�2 �b�2�� �b�m�`�7���+�2 �2�b�i�B�K���i�2 ���i �i�?���i �T�?�Q�i�Q�M�X

�9�X�a�m�`�7���+�2 �`���M�;�2 �+�?�2�+�F�, �S�?�Q�i�Q�M�b �i�?���i ���`�2 �H���#�2�H�2�/ ���b�b�2�� �b�m�`�7���+�2�K�m�b�i �#�2 �r�B�i�?�B�M �b�Q�K�2 �M�Q�K�B�M���H
�`���M�;�2 �U�2�X�;�X� �8 �K�2�i�2�`�b�V �Q�7 �i�?�2 �b�2�� �b�m�`�7���+�2 �2�H�2�p���i�B�Q�M �2�b�i�B�K���i�2 ���i �i�?���i �T�?�Q�i�Q�M�X

�8�X�"���i�?�v�K�2�i�`�v �`���M�;�2 �+�?�2�+�F�, �S�?�Q�i�Q�M�b �H���#�2�H�2�/ ���b�#���i�?�v�K�2�i�`�v�K�m�b�i �#�2 �r�B�i�?�B�M �b�Q�K�2 �M�Q�K�B�M���H �`���M�;�2
�U�2�X�;�X� �8 �K�2�i�2�`�b�V �Q�7 �i�?�2 �#���i�?�v�K�2�i�`�v �2�H�2�p���i�B�Q�M �2�b�i�B�K���i�2 ���i �i�?���i �T�?�Q�i�Q�M�X

�6�B�;�m� �̀2 �8�,�"�H�m�M�/�2�` �/�2�i�2�+�i�B�Q�M �2�t���K�T�H�2�X �a�Q�K�2 �#���i�?�v�K�2�i�`�v �T� �̀2�/�B�+�i�B�Q�M�b �U�K���;�2�M�i���V ��� �̀2 � �̀2�+�H���b�b�B�}�2�/
�U�#�H���+�F�V �B�7 �i�?�2�v ��� �̀2 �M�Q�i �+�H�Q�b�2 �i�Q �i�?�2 �#���i�?�v�K�2�i�`�v �2�H�2�p���i�B�Q�M �2�b�i�B�K���i�2 �U�#�H�m�2�V�X �G�B�F�2�r�B�b�2�- �b�Q�K�2 �b�2�� �b�m�`�7���+�2
�T� �̀2�/�B�+�i�B�Q�M�b �U�+�v���M�V ��� �̀2 � �̀2�+�H���b�b�B�}�2�/ �U�#�H���+�F�V �B�7 �i�?�2�v ��� �̀2 �M�Q�i �+�H�Q�b�2 �i�Q �i�?�2 �b�2�� �b�m�`�7���+�2 �2�H�2�p���i�B�Q�M �2�b�i�B�K���i�2
�U�;� �̀2�2�M�- �K�Q�b�i�H�v �Q�+�+�H�m�/�2�/ �#�v �+�v���M �T�?�Q�i�Q�M�b�V�X

�.�2�b�T�B�i�2 �i�?�2 ���T�T�H�B�+���i�B�Q�M �Q�7 �i�?�2 �#�H�m�M�/�2�` �/�2�i�2�+�i�B�Q�M ���H�;�Q�`�B�i�?�K�- �K���M�v �7���H�b�2 �T�Q�b�B�i�B�p�2 �#���i�?�v�K�2�i�`�v
�+�H���b�b�B�}�+���i�B�Q�M�b �`�2�K���B�M�2�/�X �h�?�2�b�2 �#���i�?�v�K�2�i�`�v �7���H�b�2 �T�Q�b�B�i�B�p�2�b ���`�2 �T�?�Q�i�Q�M �`�2�i�m�`�M�b �i�?���i �r�2�`�2 �B�M�+�Q�`�`�2�+�i�H�v
�B�/�2�M�i�B�}�2�/ ���b �#���i�?�v�K�2�i�`�v �U�S�Q�B�M�i �*�H���b�b �9�y�V �B�M �i�?�2 �B�M�B�i�B���H �`�2�H�2���b�2�- �#�m�i ���`�2 ���+�i�m���H�H�v �b�2�� �b�m�`�7���+�2�- �r���i�2�`

�k�3



�+�Q�H�m�K�M�- �Q�` �M�Q�B�b�2 �`�2�i�m�`�M�b�X �h�?�B�b �B�b�b�m�2 �r���b ���/�/�`�2�b�b�2�/ �i�?�`�Q�m�;�? �� �ó�/�Q�n�+�H�2���M�m�T�ô ���H�;�Q�`�B�i�?�K �i�?���i �r���b
�B�K�T�H�2�K�2�M�i�2�/ ���7�i�2�` �i�?�2 �7�m�H�H ���h�G�k�9 �T�`�Q�/�m�+�i�B�Q�M �T�B�T�2�H�B�M�2�X �h�?�2 �ô�/�Q�n�+�H�2���M�m�T�ô �B�M�+�H�m�/�2�b �i�?�2 �7�Q�H�H�Q�r�B�M�;
�+�?�2�+�F�b�, �U�R�V �� �a�2�� �a�m�`�7���+�2 �S�`�Q�t�B�K�B�i�v �*�?�2�+�F�- �r�?�B�+�? �B�/�2�M�i�B�}�2�b �#���i�?�v�K�2�i�`�v �T�?�Q�i�Q�M�b �H�Q�+���i�2�/ �i�Q�Q �+�H�Q�b�2 �i�Q
�i�?�2 �b�2�� �b�m�`�7���+�2�c ���M�/ �U�k�V ���M �A�b�Q�H���i�B�Q�M �*�?�2�+�F�- �r�?�B�+�? �B�/�2�M�i�B�}�2�b �#���i�?�v�K�2�i�`�v �T�?�Q�i�Q�M�b �r�B�i�? �M�Q �M�2�B�;�?�#�Q�`�B�M�;
�#���i�?�v�K�2�i�`�v �T�?�Q�i�Q�M�b �r�B�i�?�B�M �� �b�T�2�+�B�}�2�/ �`���/�B�m�b�X ���h�G�k�9 �_�2�H�y�y�k �;�`���M�m�H�2�b �r�2�`�2 �2�p���H�m���i�2�/ �[�m���H�B�i���i�B�p�2�H�v
�#�v �i�?�2 �T�`�Q�D�2�+�i �i�2���K �i�?�`�Q�m�;�? �B�M�b�T�2�+�i�B�Q�M �Q�7 ���`�2���b �T�`�2�p�B�Q�m�b�H�v �B�/�2�M�i�B�}�2�/ ���b �+�Q�M�i���B�M�B�M�; �H���`�;�2 �M�m�K�#�2�`�b �Q�7
�#���i�?�v�K�2�i�`�v �7���H�b�2 �T�Q�b�B�i�B�p�2�b�X �_�2�b�m�H�i�b �+�Q�M�}�`�K�2�/ �i�?���i �i�?�2 �`�2�H���#�2�H�B�M�; �T�2�`�7�Q�`�K�2�/ ���b �2�t�T�2�+�i�2�/�X

���H�;�Q�`�B�i�?�K �N�"�H�m�M�/�2�` �.�2�i�2�+�i�B�Q�M ���H�;�Q�`�B�i�?�K
�A�M�T�m�i�,�A�*�1�a���i�@�k �;�`���M�m�H�2�- �2�M�b�2�K�#�H�2 �T�`�2�/�B�+�i�B�Q�M�b
�P�m�i�T�m�i�,�J�Q�/�B�}�2�/ �T�`�2�/�B�+�i�B�Q�M�b�- �b�2�� �H�2�p�2�H �2�b�i�B�K���i�2�b�- �#���i�?�v�K�2�i�`�v �2�H�2�p���i�B�Q�M �2�b�i�B�K���i�2�b

G  �;�`���M�m�H�2 �T�?�Q�i�Q�M�b
P  �2�M�b�2�K�#�H�2 �T�`�2�/�B�+�i�B�Q�M�b
�7�Q�`iteration � f 1; 2; 3g �/�Q

S  �b�2�� �H�2�p�2�H �2�H�2�p���i�B�Q�M �2�b�i�B�K���i�2�b
B  �#���i�?�v�K�2�i�`�v �2�H�2�p���i�B�Q�M �2�b�i�B�K���i�2�b
�7�Q�g̀i � G�-pi � P �-si � S�-bi � B �/�Q

�B�7pi == �b�m�`�7���+�2 ���L�.gi �2�H�2�p���i�B�Q�M �B�b �M�Q�i �B�M� �j�y�X�K �`���M�;�2�i�?�2�M
ci  �m�M�+�H���b�b�B�}�2�/

�2�H�b�2 �B�7pi == �#���i�?�v�K�2�i�`�v ���L�.gi �2�H�2�p���i�B�Q�M �B�b �M�Q�i �B�M �y�X�y�K�- �@�R�y�y�X�y�K �`���M�;�2�i�?�2�M
ci  �m�M�+�H���b�b�B�}�2�/

�2�H�b�2 �B�7pi == �#���i�?�v�K�2�i�`�v ���L�.gi �2�H�2�p���i�B�Q�M> s i �i�?�2�M
ci  �m�M�+�H���b�b�B�}�2�/

�2�H�b�2 �B�7pi == �b�m�`�7���+�2 ���L�.gi �2�H�2�p���i�B�Q�M �B�b �M�Q�i �B�M �`���M�;�2� �8�X�y�K �Q�7> s i �i�?�2�M
ci  �m�M�+�H���b�b�B�}�2�/

�2�H�b�2 �B�7pi == �#���i�?�v�K�2�i�`�v ���L�.gi �2�H�2�p���i�B�Q�M �B�b �M�Q�i �B�M �`���M�;�2� �8�X�y�K �Q�7> b i �i�?�2�M
ci  �m�M�+�H���b�b�B�}�2�/

�2�M�/ �B�7
�2�M�/ �7�Q�`

�2�M�/ �7�Q�`

�k�N




	Introduction
	Context/Background
	Historical Perspective

	ATL24 Overview
	ATL24 Data Workflow
	Data Dissemination
	ATL24 ATBD Sections

	Technical Considerations
	Scientific Theory
	ATL24 Input Variables
	ATL24 Output Variables
	ATL24 Data Structure and Naming Conventions

	Classification Algorithms
	CoastNet Classification
	BathyPathFinder Classification
	OpenOceans++ Classification
	Median Filter Classification
	C-SHELPh Classification
	Quantile Trees Classification
	Ensemble Classification
	Blunder Detection

	Refraction Correction

	Performance Assessment and Validation
	Uncertainty Modeling
	Computational Performance
	Model Training Data
	Individual algorithm performance

	Data Quality and Filtering Flags

	ATL24 Implementation Architecture and Product Accessibility
	SlideRule Overview
	Deployment Environment
	Development Environment
	Bathymetric Processing Masks
	Known Issues

	Appendices
	Appendix A: Acronyms
	Appendix B: User Notes

	References

