
Experimental results
Our shortcuts can perform cross-validation several orders 
of magnitude faster than a naive implementation.

More information
The two-step kernel ridge regression is part of a 
theoretically  well-founded  pairwise  learning 
framework.  An  R  package  xnet  is  currently  in 
development.  Scan the  QR code on top for  the 
preprint and a link to the software.
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In brief
Supervised machine learning methods are 
important  tools  to  predict  biological 
networks, such as protein-ligand-, protein-
protein-  or  gene  regulatory  networks. 
Incorrect validation schemes can lead to an 
overly  optimistic  performance  estimation. 
We developed kernel-based framework for 
light speed training, tuning and validating 
models for any relevant prediction setting.
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Our  framework  learns  a  pairwise  kernel-
based predictor of the form:

The weight vector can easily be obtained by:

with      and      two  regularization 
parameters.

W = (K + �uI)�1Y (G+ �vI)�1 ,
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Supervised network prediction
Data required: experimentally determined biological network with two 
similarity matrices describing the nodes.
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<latexit sha1_base64="lAes3jT0JxWtrtOkxWicnq1zJvw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokK6q3gxWNFYwttKJvtpl262YTdiVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqRQGXffbWVpeWV1bL22UN7e2d3Yre/uPJsk04z5LZKJbITVcCsV9FCh5K9WcxqHkzXB4M/GbT1wbkagHHKU8iGlfiUgwila6z7rn3UrVrblTkEXiFaQKBRrdylenl7As5gqZpMa0PTfFIKcaBZN8XO5khqeUDWmfty1VNOYmyKenjsmxVXokSrQthWSq/p7IaWzMKA5tZ0xxYOa9ifif184wugpyodIMuWKzRVEmCSZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2xC8+ZcXiX9Wu655dxfV+kmRRgkO4QhOwYNLqMMtNMAHBn14hld4c6Tz4rw7H7PWJaeYOYA/cD5/AG+AjVc=</latexit><latexit sha1_base64="lAes3jT0JxWtrtOkxWicnq1zJvw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokK6q3gxWNFYwttKJvtpl262YTdiVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqRQGXffbWVpeWV1bL22UN7e2d3Yre/uPJsk04z5LZKJbITVcCsV9FCh5K9WcxqHkzXB4M/GbT1wbkagHHKU8iGlfiUgwila6z7rn3UrVrblTkEXiFaQKBRrdylenl7As5gqZpMa0PTfFIKcaBZN8XO5khqeUDWmfty1VNOYmyKenjsmxVXokSrQthWSq/p7IaWzMKA5tZ0xxYOa9ifif184wugpyodIMuWKzRVEmCSZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2xC8+ZcXiX9Wu655dxfV+kmRRgkO4QhOwYNLqMMtNMAHBn14hld4c6Tz4rw7H7PWJaeYOYA/cD5/AG+AjVc=</latexit><latexit sha1_base64="lAes3jT0JxWtrtOkxWicnq1zJvw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokK6q3gxWNFYwttKJvtpl262YTdiVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqRQGXffbWVpeWV1bL22UN7e2d3Yre/uPJsk04z5LZKJbITVcCsV9FCh5K9WcxqHkzXB4M/GbT1wbkagHHKU8iGlfiUgwila6z7rn3UrVrblTkEXiFaQKBRrdylenl7As5gqZpMa0PTfFIKcaBZN8XO5khqeUDWmfty1VNOYmyKenjsmxVXokSrQthWSq/p7IaWzMKA5tZ0xxYOa9ifif184wugpyodIMuWKzRVEmCSZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2xC8+ZcXiX9Wu655dxfV+kmRRgkO4QhOwYNLqMMtNMAHBn14hld4c6Tz4rw7H7PWJaeYOYA/cD5/AG+AjVc=</latexit><latexit sha1_base64="lAes3jT0JxWtrtOkxWicnq1zJvw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokK6q3gxWNFYwttKJvtpl262YTdiVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqRQGXffbWVpeWV1bL22UN7e2d3Yre/uPJsk04z5LZKJbITVcCsV9FCh5K9WcxqHkzXB4M/GbT1wbkagHHKU8iGlfiUgwila6z7rn3UrVrblTkEXiFaQKBRrdylenl7As5gqZpMa0PTfFIKcaBZN8XO5khqeUDWmfty1VNOYmyKenjsmxVXokSrQthWSq/p7IaWzMKA5tZ0xxYOa9ifif184wugpyodIMuWKzRVEmCSZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2xC8+ZcXiX9Wu655dxfV+kmRRgkO4QhOwYNLqMMtNMAHBn14hld4c6Tz4rw7H7PWJaeYOYA/cD5/AG+AjVc=</latexit>

e.g. alignment-based 
similarity matrix  K

u1
<latexit sha1_base64="QVYbu6zWS8gfVDtVM/qbybZ5BpM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0lEUG8FLx4rGltoQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LBjFMMYjqQPOKMGivdZz2vV625dXcGsky8gtSgQLNX/er2E5bFKA0TVOuO56YmyKkynAmcVLqZxpSyER1gx1JJY9RBPjt1Qk6s0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zOpmJroKcyzQzKNl8UZQJYhIy/Zv0uUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXiX9ev657dxe1xmmRRhmO4BjOwINLaMAtNMEHBgN4hld4c4Tz4rw7H/PWklPMHMIfOJ8/bHqNVQ==</latexit><latexit sha1_base64="QVYbu6zWS8gfVDtVM/qbybZ5BpM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0lEUG8FLx4rGltoQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LBjFMMYjqQPOKMGivdZz2vV625dXcGsky8gtSgQLNX/er2E5bFKA0TVOuO56YmyKkynAmcVLqZxpSyER1gx1JJY9RBPjt1Qk6s0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zOpmJroKcyzQzKNl8UZQJYhIy/Zv0uUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXiX9ev657dxe1xmmRRhmO4BjOwINLaMAtNMEHBgN4hld4c4Tz4rw7H/PWklPMHMIfOJ8/bHqNVQ==</latexit><latexit sha1_base64="QVYbu6zWS8gfVDtVM/qbybZ5BpM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0lEUG8FLx4rGltoQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LBjFMMYjqQPOKMGivdZz2vV625dXcGsky8gtSgQLNX/er2E5bFKA0TVOuO56YmyKkynAmcVLqZxpSyER1gx1JJY9RBPjt1Qk6s0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zOpmJroKcyzQzKNl8UZQJYhIy/Zv0uUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXiX9ev657dxe1xmmRRhmO4BjOwINLaMAtNMEHBgN4hld4c4Tz4rw7H/PWklPMHMIfOJ8/bHqNVQ==</latexit><latexit sha1_base64="QVYbu6zWS8gfVDtVM/qbybZ5BpM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0lEUG8FLx4rGltoQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LBjFMMYjqQPOKMGivdZz2vV625dXcGsky8gtSgQLNX/er2E5bFKA0TVOuO56YmyKkynAmcVLqZxpSyER1gx1JJY9RBPjt1Qk6s0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zOpmJroKcyzQzKNl8UZQJYhIy/Zv0uUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXiX9ev657dxe1xmmRRhmO4BjOwINLaMAtNMEHBgN4hld4c4Tz4rw7H/PWklPMHMIfOJ8/bHqNVQ==</latexit>

u2
<latexit sha1_base64="/7N06aA+LZofiNf04F+JR26GdrA=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KkkR1FvBi8eKxhbaUDbbTbt0swm7E6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlEPOE55ENOBEpFgFK10n/XqvUrVrbkzkGXiFaQKBZq9yle3n7As5gqZpMZ0PDfFIKcaBZN8Uu5mhqeUjeiAdyxVNOYmyGenTsipVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugpyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2xC8xZeXiV+vXde8u4tq46xIowTHcALn4MElNOAWmuADgwE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf2NVg==</latexit><latexit sha1_base64="/7N06aA+LZofiNf04F+JR26GdrA=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KkkR1FvBi8eKxhbaUDbbTbt0swm7E6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlEPOE55ENOBEpFgFK10n/XqvUrVrbkzkGXiFaQKBZq9yle3n7As5gqZpMZ0PDfFIKcaBZN8Uu5mhqeUjeiAdyxVNOYmyGenTsipVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugpyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2xC8xZeXiV+vXde8u4tq46xIowTHcALn4MElNOAWmuADgwE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf2NVg==</latexit><latexit sha1_base64="/7N06aA+LZofiNf04F+JR26GdrA=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KkkR1FvBi8eKxhbaUDbbTbt0swm7E6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlEPOE55ENOBEpFgFK10n/XqvUrVrbkzkGXiFaQKBZq9yle3n7As5gqZpMZ0PDfFIKcaBZN8Uu5mhqeUjeiAdyxVNOYmyGenTsipVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugpyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2xC8xZeXiV+vXde8u4tq46xIowTHcALn4MElNOAWmuADgwE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf2NVg==</latexit><latexit sha1_base64="/7N06aA+LZofiNf04F+JR26GdrA=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KkkR1FvBi8eKxhbaUDbbTbt0swm7E6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+HoZuq3nrg2IlEPOE55ENOBEpFgFK10n/XqvUrVrbkzkGXiFaQKBZq9yle3n7As5gqZpMZ0PDfFIKcaBZN8Uu5mhqeUjeiAdyxVNOYmyGenTsipVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugpyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2xC8xZeXiV+vXde8u4tq46xIowTHcALn4MElNOAWmuADgwE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf2NVg==</latexit>

u3
<latexit sha1_base64="lAes3jT0JxWtrtOkxWicnq1zJvw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokK6q3gxWNFYwttKJvtpl262YTdiVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqRQGXffbWVpeWV1bL22UN7e2d3Yre/uPJsk04z5LZKJbITVcCsV9FCh5K9WcxqHkzXB4M/GbT1wbkagHHKU8iGlfiUgwila6z7rn3UrVrblTkEXiFaQKBRrdylenl7As5gqZpMa0PTfFIKcaBZN8XO5khqeUDWmfty1VNOYmyKenjsmxVXokSrQthWSq/p7IaWzMKA5tZ0xxYOa9ifif184wugpyodIMuWKzRVEmCSZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2xC8+ZcXiX9Wu655dxfV+kmRRgkO4QhOwYNLqMMtNMAHBn14hld4c6Tz4rw7H7PWJaeYOYA/cD5/AG+AjVc=</latexit><latexit sha1_base64="lAes3jT0JxWtrtOkxWicnq1zJvw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokK6q3gxWNFYwttKJvtpl262YTdiVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqRQGXffbWVpeWV1bL22UN7e2d3Yre/uPJsk04z5LZKJbITVcCsV9FCh5K9WcxqHkzXB4M/GbT1wbkagHHKU8iGlfiUgwila6z7rn3UrVrblTkEXiFaQKBRrdylenl7As5gqZpMa0PTfFIKcaBZN8XO5khqeUDWmfty1VNOYmyKenjsmxVXokSrQthWSq/p7IaWzMKA5tZ0xxYOa9ifif184wugpyodIMuWKzRVEmCSZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2xC8+ZcXiX9Wu655dxfV+kmRRgkO4QhOwYNLqMMtNMAHBn14hld4c6Tz4rw7H7PWJaeYOYA/cD5/AG+AjVc=</latexit><latexit sha1_base64="lAes3jT0JxWtrtOkxWicnq1zJvw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokK6q3gxWNFYwttKJvtpl262YTdiVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqRQGXffbWVpeWV1bL22UN7e2d3Yre/uPJsk04z5LZKJbITVcCsV9FCh5K9WcxqHkzXB4M/GbT1wbkagHHKU8iGlfiUgwila6z7rn3UrVrblTkEXiFaQKBRrdylenl7As5gqZpMa0PTfFIKcaBZN8XO5khqeUDWmfty1VNOYmyKenjsmxVXokSrQthWSq/p7IaWzMKA5tZ0xxYOa9ifif184wugpyodIMuWKzRVEmCSZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2xC8+ZcXiX9Wu655dxfV+kmRRgkO4QhOwYNLqMMtNMAHBn14hld4c6Tz4rw7H7PWJaeYOYA/cD5/AG+AjVc=</latexit><latexit sha1_base64="lAes3jT0JxWtrtOkxWicnq1zJvw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokK6q3gxWNFYwttKJvtpl262YTdiVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqRQGXffbWVpeWV1bL22UN7e2d3Yre/uPJsk04z5LZKJbITVcCsV9FCh5K9WcxqHkzXB4M/GbT1wbkagHHKU8iGlfiUgwila6z7rn3UrVrblTkEXiFaQKBRrdylenl7As5gqZpMa0PTfFIKcaBZN8XO5khqeUDWmfty1VNOYmyKenjsmxVXokSrQthWSq/p7IaWzMKA5tZ0xxYOa9ifif184wugpyodIMuWKzRVEmCSZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2xC8+ZcXiX9Wu655dxfV+kmRRgkO4QhOwYNLqMMtNMAHBn14hld4c6Tz4rw7H7PWJaeYOYA/cD5/AG+AjVc=</latexit>

v1
<latexit sha1_base64="JvesBf9XVOX1yjOZrKbIEqK26bw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokI6q3gxWNFYwttKJvtpl262YTdSaGE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6fTJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3R1wbkahHHKc8iGlfiUgwilZ6GHW9bqXq1twZyDLxClKFAo1u5avTS1gWc4VMUmPanptikFONgkk+KXcyw1PKhrTP25YqGnMT5LNTJ+TUKj0SJdqWQjJTf0/kNDZmHIe2M6Y4MIveVPzPa2cYXQe5UGmGXLH5oiiTBBMy/Zv0hOYM5dgSyrSwtxI2oJoytOmUbQje4svLxL+o3dS8+8tq/axIowTHcALn4MEV1OEOGuADgz48wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf+NVg==</latexit><latexit sha1_base64="JvesBf9XVOX1yjOZrKbIEqK26bw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokI6q3gxWNFYwttKJvtpl262YTdSaGE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6fTJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3R1wbkahHHKc8iGlfiUgwilZ6GHW9bqXq1twZyDLxClKFAo1u5avTS1gWc4VMUmPanptikFONgkk+KXcyw1PKhrTP25YqGnMT5LNTJ+TUKj0SJdqWQjJTf0/kNDZmHIe2M6Y4MIveVPzPa2cYXQe5UGmGXLH5oiiTBBMy/Zv0hOYM5dgSyrSwtxI2oJoytOmUbQje4svLxL+o3dS8+8tq/axIowTHcALn4MEV1OEOGuADgz48wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf+NVg==</latexit><latexit sha1_base64="JvesBf9XVOX1yjOZrKbIEqK26bw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokI6q3gxWNFYwttKJvtpl262YTdSaGE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6fTJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3R1wbkahHHKc8iGlfiUgwilZ6GHW9bqXq1twZyDLxClKFAo1u5avTS1gWc4VMUmPanptikFONgkk+KXcyw1PKhrTP25YqGnMT5LNTJ+TUKj0SJdqWQjJTf0/kNDZmHIe2M6Y4MIveVPzPa2cYXQe5UGmGXLH5oiiTBBMy/Zv0hOYM5dgSyrSwtxI2oJoytOmUbQje4svLxL+o3dS8+8tq/axIowTHcALn4MEV1OEOGuADgz48wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf+NVg==</latexit><latexit sha1_base64="JvesBf9XVOX1yjOZrKbIEqK26bw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokI6q3gxWNFYwttKJvtpl262YTdSaGE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6fTJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3R1wbkahHHKc8iGlfiUgwilZ6GHW9bqXq1twZyDLxClKFAo1u5avTS1gWc4VMUmPanptikFONgkk+KXcyw1PKhrTP25YqGnMT5LNTJ+TUKj0SJdqWQjJTf0/kNDZmHIe2M6Y4MIveVPzPa2cYXQe5UGmGXLH5oiiTBBMy/Zv0hOYM5dgSyrSwtxI2oJoytOmUbQje4svLxL+o3dS8+8tq/axIowTHcALn4MEV1OEOGuADgz48wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf+NVg==</latexit>

v2
<latexit sha1_base64="ZJ6SrDuodw3sEi0ZY2TbejxfoKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0mKoN4KXjxWNLbQlrLZTtqlm03Y3RRK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYuizWMSqFVCNgkv0DTcCW4lCGgUCm8HoduY3x6g0j+WjmSTYjehA8pAzaqz0MO7VeuWKW3XnIKvEy0kFcjR65a9OP2ZphNIwQbVue25iuhlVhjOB01In1ZhQNqIDbFsqaYS6m81PnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vHZqwutuxmWSGpRssShMBTExmf1N+lwhM2JiCWWK21sJG1JFmbHplGwI3vLLq8SvVW+q3v1lpX6ep1GEEziFC/DgCupwBw3wgcEAnuEV3hzhvDjvzseiteDkM8fwB87nD2+CjVc=</latexit><latexit sha1_base64="ZJ6SrDuodw3sEi0ZY2TbejxfoKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0mKoN4KXjxWNLbQlrLZTtqlm03Y3RRK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYuizWMSqFVCNgkv0DTcCW4lCGgUCm8HoduY3x6g0j+WjmSTYjehA8pAzaqz0MO7VeuWKW3XnIKvEy0kFcjR65a9OP2ZphNIwQbVue25iuhlVhjOB01In1ZhQNqIDbFsqaYS6m81PnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vHZqwutuxmWSGpRssShMBTExmf1N+lwhM2JiCWWK21sJG1JFmbHplGwI3vLLq8SvVW+q3v1lpX6ep1GEEziFC/DgCupwBw3wgcEAnuEV3hzhvDjvzseiteDkM8fwB87nD2+CjVc=</latexit><latexit sha1_base64="ZJ6SrDuodw3sEi0ZY2TbejxfoKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0mKoN4KXjxWNLbQlrLZTtqlm03Y3RRK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYuizWMSqFVCNgkv0DTcCW4lCGgUCm8HoduY3x6g0j+WjmSTYjehA8pAzaqz0MO7VeuWKW3XnIKvEy0kFcjR65a9OP2ZphNIwQbVue25iuhlVhjOB01In1ZhQNqIDbFsqaYS6m81PnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vHZqwutuxmWSGpRssShMBTExmf1N+lwhM2JiCWWK21sJG1JFmbHplGwI3vLLq8SvVW+q3v1lpX6ep1GEEziFC/DgCupwBw3wgcEAnuEV3hzhvDjvzseiteDkM8fwB87nD2+CjVc=</latexit><latexit sha1_base64="ZJ6SrDuodw3sEi0ZY2TbejxfoKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0mKoN4KXjxWNLbQlrLZTtqlm03Y3RRK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYuizWMSqFVCNgkv0DTcCW4lCGgUCm8HoduY3x6g0j+WjmSTYjehA8pAzaqz0MO7VeuWKW3XnIKvEy0kFcjR65a9OP2ZphNIwQbVue25iuhlVhjOB01In1ZhQNqIDbFsqaYS6m81PnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vHZqwutuxmWSGpRssShMBTExmf1N+lwhM2JiCWWK21sJG1JFmbHplGwI3vLLq8SvVW+q3v1lpX6ep1GEEziFC/DgCupwBw3wgcEAnuEV3hzhvDjvzseiteDkM8fwB87nD2+CjVc=</latexit>

e.g. protein-ligand 
adjacency matrix Y

v1
<latexit sha1_base64="JvesBf9XVOX1yjOZrKbIEqK26bw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokI6q3gxWNFYwttKJvtpl262YTdSaGE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6fTJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3R1wbkahHHKc8iGlfiUgwilZ6GHW9bqXq1twZyDLxClKFAo1u5avTS1gWc4VMUmPanptikFONgkk+KXcyw1PKhrTP25YqGnMT5LNTJ+TUKj0SJdqWQjJTf0/kNDZmHIe2M6Y4MIveVPzPa2cYXQe5UGmGXLH5oiiTBBMy/Zv0hOYM5dgSyrSwtxI2oJoytOmUbQje4svLxL+o3dS8+8tq/axIowTHcALn4MEV1OEOGuADgz48wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf+NVg==</latexit><latexit sha1_base64="JvesBf9XVOX1yjOZrKbIEqK26bw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokI6q3gxWNFYwttKJvtpl262YTdSaGE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6fTJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3R1wbkahHHKc8iGlfiUgwilZ6GHW9bqXq1twZyDLxClKFAo1u5avTS1gWc4VMUmPanptikFONgkk+KXcyw1PKhrTP25YqGnMT5LNTJ+TUKj0SJdqWQjJTf0/kNDZmHIe2M6Y4MIveVPzPa2cYXQe5UGmGXLH5oiiTBBMy/Zv0hOYM5dgSyrSwtxI2oJoytOmUbQje4svLxL+o3dS8+8tq/axIowTHcALn4MEV1OEOGuADgz48wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf+NVg==</latexit><latexit sha1_base64="JvesBf9XVOX1yjOZrKbIEqK26bw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokI6q3gxWNFYwttKJvtpl262YTdSaGE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6fTJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3R1wbkahHHKc8iGlfiUgwilZ6GHW9bqXq1twZyDLxClKFAo1u5avTS1gWc4VMUmPanptikFONgkk+KXcyw1PKhrTP25YqGnMT5LNTJ+TUKj0SJdqWQjJTf0/kNDZmHIe2M6Y4MIveVPzPa2cYXQe5UGmGXLH5oiiTBBMy/Zv0hOYM5dgSyrSwtxI2oJoytOmUbQje4svLxL+o3dS8+8tq/axIowTHcALn4MEV1OEOGuADgz48wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf+NVg==</latexit><latexit sha1_base64="JvesBf9XVOX1yjOZrKbIEqK26bw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KokI6q3gxWNFYwttKJvtpl262YTdSaGE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6fTJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3R1wbkahHHKc8iGlfiUgwilZ6GHW9bqXq1twZyDLxClKFAo1u5avTS1gWc4VMUmPanptikFONgkk+KXcyw1PKhrTP25YqGnMT5LNTJ+TUKj0SJdqWQjJTf0/kNDZmHIe2M6Y4MIveVPzPa2cYXQe5UGmGXLH5oiiTBBMy/Zv0hOYM5dgSyrSwtxI2oJoytOmUbQje4svLxL+o3dS8+8tq/axIowTHcALn4MEV1OEOGuADgz48wyu8OdJ5cd6dj3nrilPMHMEfOJ8/bf+NVg==</latexit> v2

<latexit sha1_base64="ZJ6SrDuodw3sEi0ZY2TbejxfoKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0mKoN4KXjxWNLbQlrLZTtqlm03Y3RRK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYuizWMSqFVCNgkv0DTcCW4lCGgUCm8HoduY3x6g0j+WjmSTYjehA8pAzaqz0MO7VeuWKW3XnIKvEy0kFcjR65a9OP2ZphNIwQbVue25iuhlVhjOB01In1ZhQNqIDbFsqaYS6m81PnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vHZqwutuxmWSGpRssShMBTExmf1N+lwhM2JiCWWK21sJG1JFmbHplGwI3vLLq8SvVW+q3v1lpX6ep1GEEziFC/DgCupwBw3wgcEAnuEV3hzhvDjvzseiteDkM8fwB87nD2+CjVc=</latexit><latexit sha1_base64="ZJ6SrDuodw3sEi0ZY2TbejxfoKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0mKoN4KXjxWNLbQlrLZTtqlm03Y3RRK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYuizWMSqFVCNgkv0DTcCW4lCGgUCm8HoduY3x6g0j+WjmSTYjehA8pAzaqz0MO7VeuWKW3XnIKvEy0kFcjR65a9OP2ZphNIwQbVue25iuhlVhjOB01In1ZhQNqIDbFsqaYS6m81PnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vHZqwutuxmWSGpRssShMBTExmf1N+lwhM2JiCWWK21sJG1JFmbHplGwI3vLLq8SvVW+q3v1lpX6ep1GEEziFC/DgCupwBw3wgcEAnuEV3hzhvDjvzseiteDkM8fwB87nD2+CjVc=</latexit><latexit sha1_base64="ZJ6SrDuodw3sEi0ZY2TbejxfoKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0mKoN4KXjxWNLbQlrLZTtqlm03Y3RRK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYuizWMSqFVCNgkv0DTcCW4lCGgUCm8HoduY3x6g0j+WjmSTYjehA8pAzaqz0MO7VeuWKW3XnIKvEy0kFcjR65a9OP2ZphNIwQbVue25iuhlVhjOB01In1ZhQNqIDbFsqaYS6m81PnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vHZqwutuxmWSGpRssShMBTExmf1N+lwhM2JiCWWK21sJG1JFmbHplGwI3vLLq8SvVW+q3v1lpX6ep1GEEziFC/DgCupwBw3wgcEAnuEV3hzhvDjvzseiteDkM8fwB87nD2+CjVc=</latexit><latexit sha1_base64="ZJ6SrDuodw3sEi0ZY2TbejxfoKI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0mKoN4KXjxWNLbQlrLZTtqlm03Y3RRK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYuizWMSqFVCNgkv0DTcCW4lCGgUCm8HoduY3x6g0j+WjmSTYjehA8pAzaqz0MO7VeuWKW3XnIKvEy0kFcjR65a9OP2ZphNIwQbVue25iuhlVhjOB01In1ZhQNqIDbFsqaYS6m81PnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vHZqwutuxmWSGpRssShMBTExmf1N+lwhM2JiCWWK21sJG1JFmbHplGwI3vLLq8SvVW+q3v1lpX6ep1GEEziFC/DgCupwBw3wgcEAnuEV3hzhvDjvzseiteDkM8fwB87nD2+CjVc=</latexit>

e.g. molecular 
similarity matrix G

Our algebraic shortcuts can compute leave-one-out cross-
validation for any setting with a constant time complexity.

X N

E T

f(u, v) =
X

i

X

j

Wijk(u, ui)g(v, vj) .

<latexit sha1_base64="ORM21UWkCQkdiZ0WzwfmrT8bTYs=">AAACFHicbVDLSsNAFJ3UV62vqEs3waK0UEoigroQCm5cVjC20JYwmU7aaWeSMI9ACf0JN/6KGxcqbl2482+cpllo64F7OZxzLzP3+DElQtr2t1FYWV1b3yhulra2d3b3zP2DBxEpjrCLIhrxtg8FpiTEriSS4nbMMWQ+xS1/fDPzWwnmgkThvZzEuMfgICQBQVBqyTNrQUXVkup1VyjmkayPWl5KRtOxNpRHqoNKUku8UbVbq3 tm2a7bGaxl4uSkDHI0PfOr24+QYjiUiEIhOo4dy14KuSSI4mmpqwSOIRrDAe5oGkKGRS/NrppaJ1rpW0HEdYXSytTfGylkQkyYrycZlEOx6M3E/7yOksFlLyVhrCQO0fyhQFFLRtYsIqtPOEaSTjSBiBP9VwsNIYdI6iBLOgRn8eRl4p7Vr+rO3Xm5cZqnUQRH4BhUgAMuQAPcgiZwAQKP4Bm8gjfjyXgx3o2P+WjByHcOwR8Ynz/tj52D</latexit><latexit sha1_base64="ORM21UWkCQkdiZ0WzwfmrT8bTYs=">AAACFHicbVDLSsNAFJ3UV62vqEs3waK0UEoigroQCm5cVjC20JYwmU7aaWeSMI9ACf0JN/6KGxcqbl2482+cpllo64F7OZxzLzP3+DElQtr2t1FYWV1b3yhulra2d3b3zP2DBxEpjrCLIhrxtg8FpiTEriSS4nbMMWQ+xS1/fDPzWwnmgkThvZzEuMfgICQBQVBqyTNrQUXVkup1VyjmkayPWl5KRtOxNpRHqoNKUku8UbVbq3 tm2a7bGaxl4uSkDHI0PfOr24+QYjiUiEIhOo4dy14KuSSI4mmpqwSOIRrDAe5oGkKGRS/NrppaJ1rpW0HEdYXSytTfGylkQkyYrycZlEOx6M3E/7yOksFlLyVhrCQO0fyhQFFLRtYsIqtPOEaSTjSBiBP9VwsNIYdI6iBLOgRn8eRl4p7Vr+rO3Xm5cZqnUQRH4BhUgAMuQAPcgiZwAQKP4Bm8gjfjyXgx3o2P+WjByHcOwR8Ynz/tj52D</latexit><latexit sha1_base64="ORM21UWkCQkdiZ0WzwfmrT8bTYs=">AAACFHicbVDLSsNAFJ3UV62vqEs3waK0UEoigroQCm5cVjC20JYwmU7aaWeSMI9ACf0JN/6KGxcqbl2482+cpllo64F7OZxzLzP3+DElQtr2t1FYWV1b3yhulra2d3b3zP2DBxEpjrCLIhrxtg8FpiTEriSS4nbMMWQ+xS1/fDPzWwnmgkThvZzEuMfgICQBQVBqyTNrQUXVkup1VyjmkayPWl5KRtOxNpRHqoNKUku8UbVbq3 tm2a7bGaxl4uSkDHI0PfOr24+QYjiUiEIhOo4dy14KuSSI4mmpqwSOIRrDAe5oGkKGRS/NrppaJ1rpW0HEdYXSytTfGylkQkyYrycZlEOx6M3E/7yOksFlLyVhrCQO0fyhQFFLRtYsIqtPOEaSTjSBiBP9VwsNIYdI6iBLOgRn8eRl4p7Vr+rO3Xm5cZqnUQRH4BhUgAMuQAPcgiZwAQKP4Bm8gjfjyXgx3o2P+WjByHcOwR8Ynz/tj52D</latexit><latexit sha1_base64="ORM21UWkCQkdiZ0WzwfmrT8bTYs=">AAACFHicbVDLSsNAFJ3UV62vqEs3waK0UEoigroQCm5cVjC20JYwmU7aaWeSMI9ACf0JN/6KGxcqbl2482+cpllo64F7OZxzLzP3+DElQtr2t1FYWV1b3yhulra2d3b3zP2DBxEpjrCLIhrxtg8FpiTEriSS4nbMMWQ+xS1/fDPzWwnmgkThvZzEuMfgICQBQVBqyTNrQUXVkup1VyjmkayPWl5KRtOxNpRHqoNKUku8UbVbq3 tm2a7bGaxl4uSkDHI0PfOr24+QYjiUiEIhOo4dy14KuSSI4mmpqwSOIRrDAe5oGkKGRS/NrppaJ1rpW0HEdYXSytTfGylkQkyYrycZlEOx6M3E/7yOksFlLyVhrCQO0fyhQFFLRtYsIqtPOEaSTjSBiBP9VwsNIYdI6iBLOgRn8eRl4p7Vr+rO3Xm5cZqnUQRH4BhUgAMuQAPcgiZwAQKP4Bm8gjfjyXgx3o2P+WjByHcOwR8Ynz/tj52D</latexit>
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