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(The figure was collected from https://tkipf.github.io/graph-convolutional-networks/)

https://www.google.com/
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Low-Pass Filter Type GNNs 
Some GNNs (e.g., GCN, SGC, APPNP) work as low-pass 
filters (The spectral range of Laplacian is [0, 2]).

Most GNNs fail on heterophilic graphs!

Idea: We could design new message passing 
schemes & GNN architectures based on p-Laplacian: 
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f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

[i, j]
<latexit sha1_base64="46Eyskif3wM9JbZSlo1YvTkEpPQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfsB26Vk02ybNpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etbRMFaFNIrlUnRBrypmgTcMMp51EURyHnLbD8d3Mbz9RpZkUj2aS0CDGA8EiRrCxUstnF2gU9MoVt+rOgVaJl5MK5Gj0yl/dviRpTIUhHGvte25iggwrwwin01I31TTBZIwH1LdU4JjqIJtfO0VnVumjSCpbwqC5+nsiw7HWkzi0nTE2Q73szcT/PD810U2QMZGkhgqyWBSlHBmJZq+jPlOUGD6xBBPF7K2IDLHCxNiASjYEb/nlVdKqVb3Lau3hqlK/zeMowgmcwjl4cA11uIcGNIHACJ7hFd4c6bw4787HorXg5DPH8AfO5w+40Y6R</latexit>

(rf)([i, j]) :=

s
Wi,j

Dj,j
f(j)�

s
Wi,j

Di,i
f(i)

<latexit sha1_base64="s+pOZ2rnEvXa8LY6oEisiZrNlSM="></latexit>

Graph divergence 
 measures the net outflow of  on node : (divg)(i)

<latexit sha1_base64="Mbwf1yR6Lq3MuNGAlFthh4Yg8Vc=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHaTZmpgi6LblxWsA9oh5LJZNrQJDMkmWIZ5lfcuFDErT/izr8x085CWw8EDufcyz05fsyo0o7zbW1sbm3v7Jb2yvsHh0fH9kmlq6JEYtLBEYtk30eKMCpIR1PNSD+WBHGfkZ4/vcv93oxIRSPxqOcx8TgaCxpSjLSRRnalNuRITyRPAzrLxvUarY/sqtNwFoDrxC1IFRRoj+yvYRDhhBOhMUNKDVwn1l6KpKaYkaw8TBSJEZ6iMRkYKhAnyksX2TN4YZQAhpE0T2i4UH9vpIgrNee+mcyDqlUvF//zBokOb7yUijjRRODloTBhUEcwLwIGVBKs2dwQhCU1WSGeIImwNnWVTQnu6pfXSbfZcC8bzYerauu2qKMEzsA5qAEXXIMWuAdt0AEYPIFn8ArerMx6sd6tj+XohlXsnII/sD5/AE5Uk/U=</latexit>

g
<latexit sha1_base64="op9YQdDvwJgXXtxm6zU1a2faInk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fzcOM7w==</latexit>

i
<latexit sha1_base64="hA2BMjcr0btVk5qY1/HOr4xO94Q=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0MuM8Q==</latexit>

(divg)(i) =
NX

j=1

s
Wi,j

Di,i
(g([i, j])� g([j, i]))

<latexit sha1_base64="TBD85rIVKWdZOPlcl8ajZPzKjQ0="></latexit>

: A graph

: A function defined on  

: A function defined on 

: The adjacency matrix

: The degree matrix

V
<latexit sha1_base64="/AorDt0g4/2C6Bd9N8Fa7HVh3MI=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zKrD0bVKpuzZ2DrBKvIFUo0BxUvvrDmKURV8gkNabnuQn6GdUomOSzcj81PKFsQke8Z6miETd+No88I+dWGZIw1vYpJHP190ZGI2OmUWAn84hm2cvF/7xeiuGNnwmVpMgVW3wUppJgTPL7yVBozlBOLaFMC5uVsDHVlKFtqWxL8JZPXiXtes27rNUfrqqN26KOEpzCGVyAB9fQgHtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AkYWRcA==</latexit>

E
<latexit sha1_base64="m6CE42hLwWekZhHAgZiHtWINreU=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFEVxWsA+YDiWTZtrQTDIkGaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmHCmjet+O6W19Y3NrfJ2ZWd3b/+genjU0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g0nt7nffaJKMykezTShQYxHgkWMYGMlvx9jMyaYZ3ezQbXm1t050CrxClKDAq1B9as/lCSNqTCEY619z01MkGFlGOF0VumnmiaYTPCI+pYKHFMdZPPIM3RmlSGKpLJPGDRXf29kONZ6God2Mo+ol71c/M/zUxNdBxkTSWqoIIuPopQjI1F+PxoyRYnhU0swUcxmRWSMFSbGtlSxJXjLJ6+STqPuXdQbD5e15k1RRxlO4BTOwYMraMI9tKANBCQ8wyu8OcZ5cd6dj8VoySl2juEPnM8fd7CRXw==</latexit>










G = (V, E)
<latexit sha1_base64="IZbMHP+KS3lrMNQQ15nQhRosZmA=">AAACEXicbVDLSgMxFL3js9bXqEs3wSJUkDJTBd0IRRFdVrAPaIeSSdM2NPMgyQhlmF9w46+4caGIW3fu/Bsz7eCj9UDg3HPuJfceN+RMKsv6NObmFxaXlnMr+dW19Y1Nc2u7LoNIEFojAQ9E08WScubTmmKK02YoKPZcThvu8CL1G3dUSBb4t2oUUsfDfZ/1GMFKSx2z2PawGhDM46sEnaGfsp4cou/iMjnomAWrZI2BZomdkQJkqHbMj3Y3IJFHfUU4lrJlW6FyYiwUI5wm+XYkaYjJEPdpS1Mfe1Q68fiiBO1rpYt6gdDPV2is/p6IsSflyHN1Z7qjnPZS8T+vFaneqRMzP4wU9cnko17EkQpQGg/qMkGJ4iNNMBFM74rIAAtMlA4xr0Owp0+eJfVyyT4qlW+OC5XzLI4c7MIeFMGGE6jANVShBgTu4RGe4cV4MJ6MV+Nt0jpnZDM78AfG+xdxj5zF</latexit>

f : V ! R
<latexit sha1_base64="li3Pv7U6Uqgz64gX/ynZ26daijw=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclaQKiquiG5dV7AOaUCbTSTt0MhNmJkoJ+QI3/oobF4q4de3Ov3HSZqGtBy4czrmXe+8JYkaVdpxva2l5ZXVtvbRR3tza3tm19/bbSiQSkxYWTMhugBRhlJOWppqRbiwJigJGOsH4Kvc790QqKvidnsTEj9CQ05BipI3Ut6vhBfQipEcYsbSdQU/S4UgjKcXDTA+C9Dbr2xWn5kwBF4lbkAoo0OzbX95A4CQiXGOGlOq5Tqz9FElNMSNZ2UsUiREeoyHpGcpRRJSfTt/JYNUoAxgKaYprOFV/T6QoUmoSBaYzv1DNe7n4n9dLdHjup5THiSYczxaFCYNawDwbOKCSYM0mhiAsqbkV4hGSCGuTYNmE4M6/vEja9Zp7UqvfnFYal0UcJXAIjsAxcMEZaIBr0AQtgMEjeAav4M16sl6sd+tj1rpkFTMH4A+szx9vPJxe</latexit>

g : E ! R
<latexit sha1_base64="Y3G9LQBtyLmCHLUadMzPQVij0+M=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRVUFwVRXBZxT6gCWUynaRDJ5MwM1FKyBe48VfcuFDErWt3/o2TNgttPXDhcM693HuPFzMqlWV9G6Wl5ZXVtfJ6ZWNza3vH3N3ryCgRmLRxxCLR85AkjHLSVlQx0osFQaHHSNcbX+Z+954ISSN+pyYxcUMUcOpTjJSWBmYtOIdOiNQII5ZeZdARNBgpJET0MNM9L73NBmbVqltTwEViF6QKCrQG5pczjHASEq4wQ1L2bStWboqEopiRrOIkksQIj1FA+ppyFBLpptN3MljTyhD6kdDFFZyqvydSFEo5CT3dmV8o571c/M/rJ8o/c1PK40QRjmeL/IRBFcE8GzikgmDFJpogLKi+FeIREggrnWBFh2DPv7xIOo26fVxv3JxUmxdFHGVwAA7BEbDBKWiCa9ACbYDBI3gGr+DNeDJejHfjY9ZaMoqZffAHxucPVYicTg==</latexit>

W
<latexit sha1_base64="RvBo+bZYJp39+4zBes5Ukq8zmig=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSEWXvaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSqlW9i2rt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kDzGKQ/w==</latexit>

D
<latexit sha1_base64="C1RyseYBS/QYfouXPLBKGTGx2EA=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LKoC5cV7APbUjLpnTY0kxmSjFCG/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1FGiGDZYJCLV9qlGwSU2DDcC27FCGvoCW/74JvNbT6g0j+SDmcTYC+lQ8oAzaqz02A2pGflBejvtl8puxZ2BLBMvJ2XIUe+XvrqDiCUhSsME1brjubHppVQZzgROi91EY0zZmA6xY6mkIepeOks8JadWGZAgUvZJQ2bq742UhlpPQt9OZgn1opeJ/3mdxARXvZTLODEo2fyjIBHERCQ7nwy4QmbExBLKFLdZCRtRRZmxJRVtCd7iycukWa1455Xq/UW5dp3XUYBjOIEz8OASanAHdWgAAwnP8ApvjnZenHfnYz664uQ7R/AHzucPr4OQ7A==</latexit>

Graph p-Laplacian  
 is an operator defined by: �p : FV ! FV

<latexit sha1_base64="TioxlWST14DFg2gHxmYI0IFkNTM=">AAACM3icfVDJSgNBEO2JW4xb1KOXxiB4CjMqKJ6CioinCCYRMmGo6XSSJj0L3TVKGOafvPgjHgTxoIhX/8HOgrjhg4bX71VRVc+PpdBo249Wbmp6ZnYuP19YWFxaXimurtV1lCjGayySkbryQXMpQl5DgZJfxYpD4Eve8PvHQ79xzZUWUXiJg5i3AuiGoiMYoJG84rl7wiWCFx9SNwDsMZDpaealn596llFXiW4PQano5p8qr1iyy/YI9DdxJqREJqh6xXu3HbEk4CEyCVo3HTvGVgoKBZM8K7iJ5jGwPnR509AQAq5b6ejmjG4ZpU07kTIvRDpSv3akEGg9CHxTOVxS//SG4l9eM8HOQSsVYZwgD9l4UCeRFCM6DJC2heIM5cAQYEqYXSnrgQKGJuaCCcH5efJvUt8pO7vlnYu9UuVoEkeebJBNsk0csk8q5IxUSY0wckseyDN5se6sJ+vVehuX5qxJzzr5Buv9A3SZrKU=</latexit>

�pf := �1

2
div(krfkp�2rf)

<latexit sha1_base64="oHPhvgAWLw1QN5VQehzIcXlgXZk="></latexit>

When , .p = 2
<latexit sha1_base64="HmckpdhcxeKcbkjEY0mSJEbiuwo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8NOME/YgOJA85o8ZKD8l1tVcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0mzWvHOK9X7i3LtJo+jAMdwAmfgwSXU4A7q0AAGA3iGV3hzhPPivDsf89YVJ585gj9wPn8AzpmNew==</latexit>

�2 = I�D�1/2WD�1/2
<latexit sha1_base64="pr6396SXSEY4t75icdU0jepPwlQ=">AAACLXicbVDLSsNAFJ34rPUVdelmsAhuWpMo6EYo2oXuKtgHNLFMppN26OTBzEQoIT/kxl8RwUVF3PobTtoo2npg4Mw593LvPW7EqJCGMdYWFpeWV1YLa8X1jc2tbX1ntynCmGPSwCELedtFgjAakIakkpF2xAnyXUZa7vAq81sPhAsaBndyFBHHR/2AehQjqaSuXrNrhEnUteAFtH0kB66X3KSw/POppfdJ2Ty20m+hlc5ZXb1kVIwJ4Dwxc1ICOepd/cXuhTj2SSAxQ0J0TCOSToK4pJiRtGjHgkQID1GfdBQNkE+Ek0yuTeGhUnrQC7l6gYQT9XdHgnwhRr6rKrNFxayXif95nVh6505CgyiWJMDTQV7MoAxhFh3sUU6wZCNFEOZU7QrxAHGEpQq4qEIwZ0+eJ02rYp5UrNvTUvUyj6MA9sEBOAImOANVcA3qoAEweATPYAzetCftVXvXPqalC1reswf+QPv8Aihrp4I=</latexit>

Local variation



Preliminary

Graph gradient  
 measures the variation of  on edge : (rf)([i, j])

<latexit sha1_base64="ZOqqimrVOseOMlO+Bgqk+oVRv+Y=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSxCC1KSKuix6MVjBfsBaSib7aZdu9mE3Y1YSv+KFw+KePWPePPfuG1z0NYHA4/3ZpiZFyScKe0431ZubX1jcyu/XdjZ3ds/sA+LLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0Ho5uZ336kUrFY3OtxQv0IDwQLGcHaSD27WO4KHHCMwkrZY2fowa/07JJTdeZAq8TNSAkyNHr2V7cfkzSiQhOOlfJcJ9H+BEvNCKfTQjdVNMFkhAfUM1TgiCp/Mr99ik6N0kdhLE0Jjebq74kJjpQaR4HpjLAeqmVvJv7neakOr/wJE0mqqSCLRWHKkY7RLAjUZ5ISzceGYCKZuRWRIZaYaBNXwYTgLr+8Slq1qnterd1dlOrXWRx5OIYTKIMLl1CHW2hAEwg8wTO8wps1tV6sd+tj0Zqzspkj+APr8wdpeZK8</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

[i, j]
<latexit sha1_base64="46Eyskif3wM9JbZSlo1YvTkEpPQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfsB26Vk02ybNpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etbRMFaFNIrlUnRBrypmgTcMMp51EURyHnLbD8d3Mbz9RpZkUj2aS0CDGA8EiRrCxUstnF2gU9MoVt+rOgVaJl5MK5Gj0yl/dviRpTIUhHGvte25iggwrwwin01I31TTBZIwH1LdU4JjqIJtfO0VnVumjSCpbwqC5+nsiw7HWkzi0nTE2Q73szcT/PD810U2QMZGkhgqyWBSlHBmJZq+jPlOUGD6xBBPF7K2IDLHCxNiASjYEb/nlVdKqVb3Lau3hqlK/zeMowgmcwjl4cA11uIcGNIHACJ7hFd4c6bw4787HorXg5DPH8AfO5w+40Y6R</latexit>

(rf)([i, j]) :=

s
Wi,j

Dj,j
f(j)�

s
Wi,j

Di,i
f(i)

<latexit sha1_base64="s+pOZ2rnEvXa8LY6oEisiZrNlSM="></latexit>

Graph divergence 
 measures the net outflow of  on node : (divg)(i)

<latexit sha1_base64="Mbwf1yR6Lq3MuNGAlFthh4Yg8Vc=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHaTZmpgi6LblxWsA9oh5LJZNrQJDMkmWIZ5lfcuFDErT/izr8x085CWw8EDufcyz05fsyo0o7zbW1sbm3v7Jb2yvsHh0fH9kmlq6JEYtLBEYtk30eKMCpIR1PNSD+WBHGfkZ4/vcv93oxIRSPxqOcx8TgaCxpSjLSRRnalNuRITyRPAzrLxvUarY/sqtNwFoDrxC1IFRRoj+yvYRDhhBOhMUNKDVwn1l6KpKaYkaw8TBSJEZ6iMRkYKhAnyksX2TN4YZQAhpE0T2i4UH9vpIgrNee+mcyDqlUvF//zBokOb7yUijjRRODloTBhUEcwLwIGVBKs2dwQhCU1WSGeIImwNnWVTQnu6pfXSbfZcC8bzYerauu2qKMEzsA5qAEXXIMWuAdt0AEYPIFn8ArerMx6sd6tj+XohlXsnII/sD5/AE5Uk/U=</latexit>

g
<latexit sha1_base64="op9YQdDvwJgXXtxm6zU1a2faInk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fzcOM7w==</latexit>

i
<latexit sha1_base64="hA2BMjcr0btVk5qY1/HOr4xO94Q=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0MuM8Q==</latexit>

(divg)(i) =
NX

j=1

s
Wi,j

Di,i
(g([i, j])� g([j, i]))

<latexit sha1_base64="TBD85rIVKWdZOPlcl8ajZPzKjQ0="></latexit>

: A graph

: A function defined on  

: A function defined on 

: The adjacency matrix

: The degree matrix

V
<latexit sha1_base64="/AorDt0g4/2C6Bd9N8Fa7HVh3MI=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zKrD0bVKpuzZ2DrBKvIFUo0BxUvvrDmKURV8gkNabnuQn6GdUomOSzcj81PKFsQke8Z6miETd+No88I+dWGZIw1vYpJHP190ZGI2OmUWAn84hm2cvF/7xeiuGNnwmVpMgVW3wUppJgTPL7yVBozlBOLaFMC5uVsDHVlKFtqWxL8JZPXiXtes27rNUfrqqN26KOEpzCGVyAB9fQgHtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AkYWRcA==</latexit>

E
<latexit sha1_base64="m6CE42hLwWekZhHAgZiHtWINreU=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFEVxWsA+YDiWTZtrQTDIkGaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmHCmjet+O6W19Y3NrfJ2ZWd3b/+genjU0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g0nt7nffaJKMykezTShQYxHgkWMYGMlvx9jMyaYZ3ezQbXm1t050CrxClKDAq1B9as/lCSNqTCEY619z01MkGFlGOF0VumnmiaYTPCI+pYKHFMdZPPIM3RmlSGKpLJPGDRXf29kONZ6God2Mo+ol71c/M/zUxNdBxkTSWqoIIuPopQjI1F+PxoyRYnhU0swUcxmRWSMFSbGtlSxJXjLJ6+STqPuXdQbD5e15k1RRxlO4BTOwYMraMI9tKANBCQ8wyu8OcZ5cd6dj8VoySl2juEPnM8fd7CRXw==</latexit>










G = (V, E)
<latexit sha1_base64="IZbMHP+KS3lrMNQQ15nQhRosZmA=">AAACEXicbVDLSgMxFL3js9bXqEs3wSJUkDJTBd0IRRFdVrAPaIeSSdM2NPMgyQhlmF9w46+4caGIW3fu/Bsz7eCj9UDg3HPuJfceN+RMKsv6NObmFxaXlnMr+dW19Y1Nc2u7LoNIEFojAQ9E08WScubTmmKK02YoKPZcThvu8CL1G3dUSBb4t2oUUsfDfZ/1GMFKSx2z2PawGhDM46sEnaGfsp4cou/iMjnomAWrZI2BZomdkQJkqHbMj3Y3IJFHfUU4lrJlW6FyYiwUI5wm+XYkaYjJEPdpS1Mfe1Q68fiiBO1rpYt6gdDPV2is/p6IsSflyHN1Z7qjnPZS8T+vFaneqRMzP4wU9cnko17EkQpQGg/qMkGJ4iNNMBFM74rIAAtMlA4xr0Owp0+eJfVyyT4qlW+OC5XzLI4c7MIeFMGGE6jANVShBgTu4RGe4cV4MJ6MV+Nt0jpnZDM78AfG+xdxj5zF</latexit>

f : V ! R
<latexit sha1_base64="li3Pv7U6Uqgz64gX/ynZ26daijw=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclaQKiquiG5dV7AOaUCbTSTt0MhNmJkoJ+QI3/oobF4q4de3Ov3HSZqGtBy4czrmXe+8JYkaVdpxva2l5ZXVtvbRR3tza3tm19/bbSiQSkxYWTMhugBRhlJOWppqRbiwJigJGOsH4Kvc790QqKvidnsTEj9CQ05BipI3Ut6vhBfQipEcYsbSdQU/S4UgjKcXDTA+C9Dbr2xWn5kwBF4lbkAoo0OzbX95A4CQiXGOGlOq5Tqz9FElNMSNZ2UsUiREeoyHpGcpRRJSfTt/JYNUoAxgKaYprOFV/T6QoUmoSBaYzv1DNe7n4n9dLdHjup5THiSYczxaFCYNawDwbOKCSYM0mhiAsqbkV4hGSCGuTYNmE4M6/vEja9Zp7UqvfnFYal0UcJXAIjsAxcMEZaIBr0AQtgMEjeAav4M16sl6sd+tj1rpkFTMH4A+szx9vPJxe</latexit>

g : E ! R
<latexit sha1_base64="Y3G9LQBtyLmCHLUadMzPQVij0+M=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRVUFwVRXBZxT6gCWUynaRDJ5MwM1FKyBe48VfcuFDErWt3/o2TNgttPXDhcM693HuPFzMqlWV9G6Wl5ZXVtfJ6ZWNza3vH3N3ryCgRmLRxxCLR85AkjHLSVlQx0osFQaHHSNcbX+Z+954ISSN+pyYxcUMUcOpTjJSWBmYtOIdOiNQII5ZeZdARNBgpJET0MNM9L73NBmbVqltTwEViF6QKCrQG5pczjHASEq4wQ1L2bStWboqEopiRrOIkksQIj1FA+ppyFBLpptN3MljTyhD6kdDFFZyqvydSFEo5CT3dmV8o571c/M/rJ8o/c1PK40QRjmeL/IRBFcE8GzikgmDFJpogLKi+FeIREggrnWBFh2DPv7xIOo26fVxv3JxUmxdFHGVwAA7BEbDBKWiCa9ACbYDBI3gGr+DNeDJejHfjY9ZaMoqZffAHxucPVYicTg==</latexit>

W
<latexit sha1_base64="RvBo+bZYJp39+4zBes5Ukq8zmig=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSEWXvaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSqlW9i2rt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kDzGKQ/w==</latexit>

D
<latexit sha1_base64="C1RyseYBS/QYfouXPLBKGTGx2EA=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LKoC5cV7APbUjLpnTY0kxmSjFCG/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1FGiGDZYJCLV9qlGwSU2DDcC27FCGvoCW/74JvNbT6g0j+SDmcTYC+lQ8oAzaqz02A2pGflBejvtl8puxZ2BLBMvJ2XIUe+XvrqDiCUhSsME1brjubHppVQZzgROi91EY0zZmA6xY6mkIepeOks8JadWGZAgUvZJQ2bq742UhlpPQt9OZgn1opeJ/3mdxARXvZTLODEo2fyjIBHERCQ7nwy4QmbExBLKFLdZCRtRRZmxJRVtCd7iycukWa1455Xq/UW5dp3XUYBjOIEz8OASanAHdWgAAwnP8ApvjnZenHfnYz664uQ7R/AHzucPr4OQ7A==</latexit>

Graph p-Laplacian  
 is an operator defined by: �p : FV ! FV

<latexit sha1_base64="TioxlWST14DFg2gHxmYI0IFkNTM=">AAACM3icfVDJSgNBEO2JW4xb1KOXxiB4CjMqKJ6CioinCCYRMmGo6XSSJj0L3TVKGOafvPgjHgTxoIhX/8HOgrjhg4bX71VRVc+PpdBo249Wbmp6ZnYuP19YWFxaXimurtV1lCjGayySkbryQXMpQl5DgZJfxYpD4Eve8PvHQ79xzZUWUXiJg5i3AuiGoiMYoJG84rl7wiWCFx9SNwDsMZDpaealn596llFXiW4PQano5p8qr1iyy/YI9DdxJqREJqh6xXu3HbEk4CEyCVo3HTvGVgoKBZM8K7iJ5jGwPnR509AQAq5b6ejmjG4ZpU07kTIvRDpSv3akEGg9CHxTOVxS//SG4l9eM8HOQSsVYZwgD9l4UCeRFCM6DJC2heIM5cAQYEqYXSnrgQKGJuaCCcH5efJvUt8pO7vlnYu9UuVoEkeebJBNsk0csk8q5IxUSY0wckseyDN5se6sJ+vVehuX5qxJzzr5Buv9A3SZrKU=</latexit>

�pf := �1

2
div(krfkp�2rf)

<latexit sha1_base64="oHPhvgAWLw1QN5VQehzIcXlgXZk="></latexit>

Global variation 
 measures the overall variation of  on graph : Sp(f)

<latexit sha1_base64="vE8FJb2zeVz/rcTYPb9cv8TAbYM=">AAAB+XicbVBNS8NAFHypX7V+RT16WSxCvZSkCnosevFY0dpCG8Jmu2mXbjZhd1Moof/EiwdFvPpPvPlv3LQ5aOvAwjDzHm92goQzpR3n2yqtrW9sbpW3Kzu7e/sH9uHRk4pTSWibxDyW3QArypmgbc00p91EUhwFnHaC8W3udyZUKhaLRz1NqBfhoWAhI1gbybftfoT1iGCePcz8pBae+3bVqTtzoFXiFqQKBVq+/dUfxCSNqNCEY6V6rpNoL8NSM8LprNJPFU0wGeMh7RkqcESVl82Tz9CZUQYojKV5QqO5+nsjw5FS0ygwk3lOtezl4n9eL9XhtZcxkaSaCrI4FKYc6RjlNaABk5RoPjUEE8lMVkRGWGKiTVkVU4K7/OVV8tSouxf1xv1ltXlT1FGGEziFGrhwBU24gxa0gcAEnuEV3qzMerHerY/FaMkqdo7hD6zPHycRk1Y=</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

G
<latexit sha1_base64="zmlUFjy/pjcMEy8/BySkN8b+Wow=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFF7qsYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5mg2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnUbdu6g3Hi5rzZuijjKcwCmcgwdX0IR7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/erqRYQ==</latexit>

Sp(f) :=
1

2

NX

i=1

NX

j=1

k(rf)([i, j])kp =
1

2

NX

i=1

NX

j=1

�����

s
Wi,j

Dj,j
f(j)�

s
Wi,j

Di,i
f(i)

�����

p

<latexit sha1_base64="aQcXNBxYnwWgySGQRfL7oHtbJds="></latexit>

When , .p = 2
<latexit sha1_base64="HmckpdhcxeKcbkjEY0mSJEbiuwo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8NOME/YgOJA85o8ZKD8l1tVcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0mzWvHOK9X7i3LtJo+jAMdwAmfgwSXU4A7q0AAGA3iGV3hzhPPivDsf89YVJ585gj9wPn8AzpmNew==</latexit>

�2 = I�D�1/2WD�1/2
<latexit sha1_base64="pr6396SXSEY4t75icdU0jepPwlQ=">AAACLXicbVDLSsNAFJ34rPUVdelmsAhuWpMo6EYo2oXuKtgHNLFMppN26OTBzEQoIT/kxl8RwUVF3PobTtoo2npg4Mw593LvPW7EqJCGMdYWFpeWV1YLa8X1jc2tbX1ntynCmGPSwCELedtFgjAakIakkpF2xAnyXUZa7vAq81sPhAsaBndyFBHHR/2AehQjqaSuXrNrhEnUteAFtH0kB66X3KSw/POppfdJ2Ty20m+hlc5ZXb1kVIwJ4Dwxc1ICOepd/cXuhTj2SSAxQ0J0TCOSToK4pJiRtGjHgkQID1GfdBQNkE+Ek0yuTeGhUnrQC7l6gYQT9XdHgnwhRr6rKrNFxayXif95nVh6505CgyiWJMDTQV7MoAxhFh3sUU6wZCNFEOZU7QrxAHGEpQq4qEIwZ0+eJ02rYp5UrNvTUvUyj6MA9sEBOAImOANVcA3qoAEweATPYAzetCftVXvXPqalC1reswf+QPv8Aihrp4I=</latexit>

Local variation



Preliminary

Graph gradient  
 measures the variation of  on edge : (rf)([i, j])

<latexit sha1_base64="ZOqqimrVOseOMlO+Bgqk+oVRv+Y=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSxCC1KSKuix6MVjBfsBaSib7aZdu9mE3Y1YSv+KFw+KePWPePPfuG1z0NYHA4/3ZpiZFyScKe0431ZubX1jcyu/XdjZ3ds/sA+LLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0Ho5uZ336kUrFY3OtxQv0IDwQLGcHaSD27WO4KHHCMwkrZY2fowa/07JJTdeZAq8TNSAkyNHr2V7cfkzSiQhOOlfJcJ9H+BEvNCKfTQjdVNMFkhAfUM1TgiCp/Mr99ik6N0kdhLE0Jjebq74kJjpQaR4HpjLAeqmVvJv7neakOr/wJE0mqqSCLRWHKkY7RLAjUZ5ISzceGYCKZuRWRIZaYaBNXwYTgLr+8Slq1qnterd1dlOrXWRx5OIYTKIMLl1CHW2hAEwg8wTO8wps1tV6sd+tj0Zqzspkj+APr8wdpeZK8</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

[i, j]
<latexit sha1_base64="46Eyskif3wM9JbZSlo1YvTkEpPQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfsB26Vk02ybNpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etbRMFaFNIrlUnRBrypmgTcMMp51EURyHnLbD8d3Mbz9RpZkUj2aS0CDGA8EiRrCxUstnF2gU9MoVt+rOgVaJl5MK5Gj0yl/dviRpTIUhHGvte25iggwrwwin01I31TTBZIwH1LdU4JjqIJtfO0VnVumjSCpbwqC5+nsiw7HWkzi0nTE2Q73szcT/PD810U2QMZGkhgqyWBSlHBmJZq+jPlOUGD6xBBPF7K2IDLHCxNiASjYEb/nlVdKqVb3Lau3hqlK/zeMowgmcwjl4cA11uIcGNIHACJ7hFd4c6bw4787HorXg5DPH8AfO5w+40Y6R</latexit>

(rf)([i, j]) :=

s
Wi,j

Dj,j
f(j)�

s
Wi,j

Di,i
f(i)

<latexit sha1_base64="s+pOZ2rnEvXa8LY6oEisiZrNlSM="></latexit>

Graph divergence 
 measures the net outflow of  on node : (divg)(i)

<latexit sha1_base64="Mbwf1yR6Lq3MuNGAlFthh4Yg8Vc=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHaTZmpgi6LblxWsA9oh5LJZNrQJDMkmWIZ5lfcuFDErT/izr8x085CWw8EDufcyz05fsyo0o7zbW1sbm3v7Jb2yvsHh0fH9kmlq6JEYtLBEYtk30eKMCpIR1PNSD+WBHGfkZ4/vcv93oxIRSPxqOcx8TgaCxpSjLSRRnalNuRITyRPAzrLxvUarY/sqtNwFoDrxC1IFRRoj+yvYRDhhBOhMUNKDVwn1l6KpKaYkaw8TBSJEZ6iMRkYKhAnyksX2TN4YZQAhpE0T2i4UH9vpIgrNee+mcyDqlUvF//zBokOb7yUijjRRODloTBhUEcwLwIGVBKs2dwQhCU1WSGeIImwNnWVTQnu6pfXSbfZcC8bzYerauu2qKMEzsA5qAEXXIMWuAdt0AEYPIFn8ArerMx6sd6tj+XohlXsnII/sD5/AE5Uk/U=</latexit>

g
<latexit sha1_base64="op9YQdDvwJgXXtxm6zU1a2faInk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fzcOM7w==</latexit>

i
<latexit sha1_base64="hA2BMjcr0btVk5qY1/HOr4xO94Q=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0MuM8Q==</latexit>

(divg)(i) =
NX

j=1

s
Wi,j

Di,i
(g([i, j])� g([j, i]))

<latexit sha1_base64="TBD85rIVKWdZOPlcl8ajZPzKjQ0="></latexit>

: A graph

: A function defined on  

: A function defined on 

: The adjacency matrix

: The degree matrix

V
<latexit sha1_base64="/AorDt0g4/2C6Bd9N8Fa7HVh3MI=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zKrD0bVKpuzZ2DrBKvIFUo0BxUvvrDmKURV8gkNabnuQn6GdUomOSzcj81PKFsQke8Z6miETd+No88I+dWGZIw1vYpJHP190ZGI2OmUWAn84hm2cvF/7xeiuGNnwmVpMgVW3wUppJgTPL7yVBozlBOLaFMC5uVsDHVlKFtqWxL8JZPXiXtes27rNUfrqqN26KOEpzCGVyAB9fQgHtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AkYWRcA==</latexit>

E
<latexit sha1_base64="m6CE42hLwWekZhHAgZiHtWINreU=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFEVxWsA+YDiWTZtrQTDIkGaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmHCmjet+O6W19Y3NrfJ2ZWd3b/+genjU0TJVhLaJ5FL1QqwpZ4K2DTOc9hJFcRxy2g0nt7nffaJKMykezTShQYxHgkWMYGMlvx9jMyaYZ3ezQbXm1t050CrxClKDAq1B9as/lCSNqTCEY619z01MkGFlGOF0VumnmiaYTPCI+pYKHFMdZPPIM3RmlSGKpLJPGDRXf29kONZ6God2Mo+ol71c/M/zUxNdBxkTSWqoIIuPopQjI1F+PxoyRYnhU0swUcxmRWSMFSbGtlSxJXjLJ6+STqPuXdQbD5e15k1RRxlO4BTOwYMraMI9tKANBCQ8wyu8OcZ5cd6dj8VoySl2juEPnM8fd7CRXw==</latexit>










G = (V, E)
<latexit sha1_base64="IZbMHP+KS3lrMNQQ15nQhRosZmA=">AAACEXicbVDLSgMxFL3js9bXqEs3wSJUkDJTBd0IRRFdVrAPaIeSSdM2NPMgyQhlmF9w46+4caGIW3fu/Bsz7eCj9UDg3HPuJfceN+RMKsv6NObmFxaXlnMr+dW19Y1Nc2u7LoNIEFojAQ9E08WScubTmmKK02YoKPZcThvu8CL1G3dUSBb4t2oUUsfDfZ/1GMFKSx2z2PawGhDM46sEnaGfsp4cou/iMjnomAWrZI2BZomdkQJkqHbMj3Y3IJFHfUU4lrJlW6FyYiwUI5wm+XYkaYjJEPdpS1Mfe1Q68fiiBO1rpYt6gdDPV2is/p6IsSflyHN1Z7qjnPZS8T+vFaneqRMzP4wU9cnko17EkQpQGg/qMkGJ4iNNMBFM74rIAAtMlA4xr0Owp0+eJfVyyT4qlW+OC5XzLI4c7MIeFMGGE6jANVShBgTu4RGe4cV4MJ6MV+Nt0jpnZDM78AfG+xdxj5zF</latexit>

f : V ! R
<latexit sha1_base64="li3Pv7U6Uqgz64gX/ynZ26daijw=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclaQKiquiG5dV7AOaUCbTSTt0MhNmJkoJ+QI3/oobF4q4de3Ov3HSZqGtBy4czrmXe+8JYkaVdpxva2l5ZXVtvbRR3tza3tm19/bbSiQSkxYWTMhugBRhlJOWppqRbiwJigJGOsH4Kvc790QqKvidnsTEj9CQ05BipI3Ut6vhBfQipEcYsbSdQU/S4UgjKcXDTA+C9Dbr2xWn5kwBF4lbkAoo0OzbX95A4CQiXGOGlOq5Tqz9FElNMSNZ2UsUiREeoyHpGcpRRJSfTt/JYNUoAxgKaYprOFV/T6QoUmoSBaYzv1DNe7n4n9dLdHjup5THiSYczxaFCYNawDwbOKCSYM0mhiAsqbkV4hGSCGuTYNmE4M6/vEja9Zp7UqvfnFYal0UcJXAIjsAxcMEZaIBr0AQtgMEjeAav4M16sl6sd+tj1rpkFTMH4A+szx9vPJxe</latexit>

g : E ! R
<latexit sha1_base64="Y3G9LQBtyLmCHLUadMzPQVij0+M=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRVUFwVRXBZxT6gCWUynaRDJ5MwM1FKyBe48VfcuFDErWt3/o2TNgttPXDhcM693HuPFzMqlWV9G6Wl5ZXVtfJ6ZWNza3vH3N3ryCgRmLRxxCLR85AkjHLSVlQx0osFQaHHSNcbX+Z+954ISSN+pyYxcUMUcOpTjJSWBmYtOIdOiNQII5ZeZdARNBgpJET0MNM9L73NBmbVqltTwEViF6QKCrQG5pczjHASEq4wQ1L2bStWboqEopiRrOIkksQIj1FA+ppyFBLpptN3MljTyhD6kdDFFZyqvydSFEo5CT3dmV8o571c/M/rJ8o/c1PK40QRjmeL/IRBFcE8GzikgmDFJpogLKi+FeIREggrnWBFh2DPv7xIOo26fVxv3JxUmxdFHGVwAA7BEbDBKWiCa9ACbYDBI3gGr+DNeDJejHfjY9ZaMoqZffAHxucPVYicTg==</latexit>

W
<latexit sha1_base64="RvBo+bZYJp39+4zBes5Ukq8zmig=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSEWXvaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSqlW9i2rt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kDzGKQ/w==</latexit>

D
<latexit sha1_base64="C1RyseYBS/QYfouXPLBKGTGx2EA=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LKoC5cV7APbUjLpnTY0kxmSjFCG/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1FGiGDZYJCLV9qlGwSU2DDcC27FCGvoCW/74JvNbT6g0j+SDmcTYC+lQ8oAzaqz02A2pGflBejvtl8puxZ2BLBMvJ2XIUe+XvrqDiCUhSsME1brjubHppVQZzgROi91EY0zZmA6xY6mkIepeOks8JadWGZAgUvZJQ2bq742UhlpPQt9OZgn1opeJ/3mdxARXvZTLODEo2fyjIBHERCQ7nwy4QmbExBLKFLdZCRtRRZmxJRVtCd7iycukWa1455Xq/UW5dp3XUYBjOIEz8OASanAHdWgAAwnP8ApvjnZenHfnYz664uQ7R/AHzucPr4OQ7A==</latexit>

Graph p-Laplacian  
 is an operator defined by: �p : FV ! FV

<latexit sha1_base64="TioxlWST14DFg2gHxmYI0IFkNTM=">AAACM3icfVDJSgNBEO2JW4xb1KOXxiB4CjMqKJ6CioinCCYRMmGo6XSSJj0L3TVKGOafvPgjHgTxoIhX/8HOgrjhg4bX71VRVc+PpdBo249Wbmp6ZnYuP19YWFxaXimurtV1lCjGayySkbryQXMpQl5DgZJfxYpD4Eve8PvHQ79xzZUWUXiJg5i3AuiGoiMYoJG84rl7wiWCFx9SNwDsMZDpaealn596llFXiW4PQano5p8qr1iyy/YI9DdxJqREJqh6xXu3HbEk4CEyCVo3HTvGVgoKBZM8K7iJ5jGwPnR509AQAq5b6ejmjG4ZpU07kTIvRDpSv3akEGg9CHxTOVxS//SG4l9eM8HOQSsVYZwgD9l4UCeRFCM6DJC2heIM5cAQYEqYXSnrgQKGJuaCCcH5efJvUt8pO7vlnYu9UuVoEkeebJBNsk0csk8q5IxUSY0wckseyDN5se6sJ+vVehuX5qxJzzr5Buv9A3SZrKU=</latexit>

�pf := �1

2
div(krfkp�2rf)

<latexit sha1_base64="oHPhvgAWLw1QN5VQehzIcXlgXZk="></latexit>

Global variation 
 measures the overall variation of  on graph : Sp(f)

<latexit sha1_base64="vE8FJb2zeVz/rcTYPb9cv8TAbYM=">AAAB+XicbVBNS8NAFHypX7V+RT16WSxCvZSkCnosevFY0dpCG8Jmu2mXbjZhd1Moof/EiwdFvPpPvPlv3LQ5aOvAwjDzHm92goQzpR3n2yqtrW9sbpW3Kzu7e/sH9uHRk4pTSWibxDyW3QArypmgbc00p91EUhwFnHaC8W3udyZUKhaLRz1NqBfhoWAhI1gbybftfoT1iGCePcz8pBae+3bVqTtzoFXiFqQKBVq+/dUfxCSNqNCEY6V6rpNoL8NSM8LprNJPFU0wGeMh7RkqcESVl82Tz9CZUQYojKV5QqO5+nsjw5FS0ygwk3lOtezl4n9eL9XhtZcxkaSaCrI4FKYc6RjlNaABk5RoPjUEE8lMVkRGWGKiTVkVU4K7/OVV8tSouxf1xv1ltXlT1FGGEziFGrhwBU24gxa0gcAEnuEV3qzMerHerY/FaMkqdo7hD6zPHycRk1Y=</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

G
<latexit sha1_base64="zmlUFjy/pjcMEy8/BySkN8b+Wow=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFF7qsYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5mg2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnUbdu6g3Hi5rzZuijjKcwCmcgwdX0IR7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/erqRYQ==</latexit>

Sp(f) :=
1

2

NX

i=1

NX

j=1

k(rf)([i, j])kp =
1

2

NX

i=1

NX

j=1

�����

s
Wi,j

Dj,j
f(j)�

s
Wi,j

Di,i
f(i)

�����

p

<latexit sha1_base64="aQcXNBxYnwWgySGQRfL7oHtbJds="></latexit>

When , .p = 2
<latexit sha1_base64="HmckpdhcxeKcbkjEY0mSJEbiuwo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8NOME/YgOJA85o8ZKD8l1tVcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0mzWvHOK9X7i3LtJo+jAMdwAmfgwSXU4A7q0AAGA3iGV3hzhPPivDsf89YVJ585gj9wPn8AzpmNew==</latexit>

�2 = I�D�1/2WD�1/2
<latexit sha1_base64="pr6396SXSEY4t75icdU0jepPwlQ=">AAACLXicbVDLSsNAFJ34rPUVdelmsAhuWpMo6EYo2oXuKtgHNLFMppN26OTBzEQoIT/kxl8RwUVF3PobTtoo2npg4Mw593LvPW7EqJCGMdYWFpeWV1YLa8X1jc2tbX1ntynCmGPSwCELedtFgjAakIakkpF2xAnyXUZa7vAq81sPhAsaBndyFBHHR/2AehQjqaSuXrNrhEnUteAFtH0kB66X3KSw/POppfdJ2Ty20m+hlc5ZXb1kVIwJ4Dwxc1ICOepd/cXuhTj2SSAxQ0J0TCOSToK4pJiRtGjHgkQID1GfdBQNkE+Ek0yuTeGhUnrQC7l6gYQT9XdHgnwhRr6rKrNFxayXif95nVh6505CgyiWJMDTQV7MoAxhFh3sUU6wZCNFEOZU7QrxAHGEpQq4qEIwZ0+eJ02rYp5UrNvTUvUyj6MA9sEBOAImOANVcA3qoAEweATPYAzetCftVXvXPqalC1reswf+QPv8Aihrp4I=</latexit>

Local variation

The connection between  and ： 

 

Sp(f)
<latexit sha1_base64="vE8FJb2zeVz/rcTYPb9cv8TAbYM=">AAAB+XicbVBNS8NAFHypX7V+RT16WSxCvZSkCnosevFY0dpCG8Jmu2mXbjZhd1Moof/EiwdFvPpPvPlv3LQ5aOvAwjDzHm92goQzpR3n2yqtrW9sbpW3Kzu7e/sH9uHRk4pTSWibxDyW3QArypmgbc00p91EUhwFnHaC8W3udyZUKhaLRz1NqBfhoWAhI1gbybftfoT1iGCePcz8pBae+3bVqTtzoFXiFqQKBVq+/dUfxCSNqNCEY6V6rpNoL8NSM8LprNJPFU0wGeMh7RkqcESVl82Tz9CZUQYojKV5QqO5+nsjw5FS0ygwk3lOtezl4n9eL9XhtZcxkaSaCrI4FKYc6RjlNaABk5RoPjUEE8lMVkRGWGKiTVkVU4K7/OVV8tSouxf1xv1ltXlT1FGGEziFGrhwBU24gxa0gcAEnuEV3qzMerHerY/FaMkqdo7hD6zPHycRk1Y=</latexit>

�p
<latexit sha1_base64="u5WxIr0GeA3S6B0A8DbF2g1lCmY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqzU7t6iMLSX9Eplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2b3TsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMps+TPlfIjBhbQpni9lbChlRRZmxERRuCt/jyMmlWK955pXp/Ua5d53EU4BhO4Aw8uIQa3EEdGsBAwDO8wpvz6Lw4787HvHXFyWeO4A+czx/qbo/j</latexit>

@Sp(f)

@f

����
i

= p�pf(i)
<latexit sha1_base64="eG2c2LSO5zgfx0xG72a7LsLeosk="></latexit>



Methodology— p-Laplacian regularization framework

p-Laplacian regularization framework  

Lp(F) := min
F

Sp(F) + µ
NX

i=1

kFi,: �Xi,:k2
<latexit sha1_base64="rDv61jDDhqqvs6W4a9RmNTTn+OE="></latexit>

: A graph

: A  channel signal function

: The node feature matrix

: The node embedding matrix

: The hyperparameter

c
<latexit sha1_base64="0jIMiY3Xg6FeHydWT6UzrJgEy0o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJuuXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHx7OM6w==</latexit>










G = (V, E)
<latexit sha1_base64="IZbMHP+KS3lrMNQQ15nQhRosZmA=">AAACEXicbVDLSgMxFL3js9bXqEs3wSJUkDJTBd0IRRFdVrAPaIeSSdM2NPMgyQhlmF9w46+4caGIW3fu/Bsz7eCj9UDg3HPuJfceN+RMKsv6NObmFxaXlnMr+dW19Y1Nc2u7LoNIEFojAQ9E08WScubTmmKK02YoKPZcThvu8CL1G3dUSBb4t2oUUsfDfZ/1GMFKSx2z2PawGhDM46sEnaGfsp4cou/iMjnomAWrZI2BZomdkQJkqHbMj3Y3IJFHfUU4lrJlW6FyYiwUI5wm+XYkaYjJEPdpS1Mfe1Q68fiiBO1rpYt6gdDPV2is/p6IsSflyHN1Z7qjnPZS8T+vFaneqRMzP4wU9cnko17EkQpQGg/qMkGJ4iNNMBFM74rIAAtMlA4xr0Owp0+eJfVyyT4qlW+OC5XzLI4c7MIeFMGGE6jANVShBgTu4RGe4cV4MJ6MV+Nt0jpnZDM78AfG+xdxj5zF</latexit>

f : V ! Rc
<latexit sha1_base64="ZjrL3GlJqNO8NZjodsoZhqszrYE=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVUlBAjFVsDAWRB9SEyrHdVqrjh3ZDqiK8gks/AoLAwixMrLxN7htBmg50pWOzrlX994TxIwq7TjfVmFhcWl5pbhaWlvf2Nyyt3eaSiQSkwYWTMh2gBRhlJOGppqRdiwJigJGWsHwcuy37olUVPBbPYqJH6E+pyHFSBupax+G59CLkB5gxNJmBj1J+wONpBQPUz0I0pvsDnftslNxJoDzxM1JGeSod+0vrydwEhGuMUNKdVwn1n6KpKaYkazkJYrECA9Rn3QM5Sgiyk8nD2XwwCg9GAppims4UX9PpChSahQFpnN8o5r1xuJ/XifR4ZmfUh4nmnA8XRQmDGoBx+nAHpUEazYyBGFJza0QD5BEWJsMSyYEd/bledKsVtzjSvX6pFy7yOMogj2wD46AC05BDVyBOmgADB7BM3gFb9aT9WK9Wx/T1oKVz+yCP7A+fwD7P50z</latexit>

X 2 RN⇥c
<latexit sha1_base64="NU/iHmG44KLPfvxN1cWofagDvk4=">AAACD3icbVC7TsMwFL3hWcqrwMhiUYGYqqQgwVjBwoQKog+pCZXjOq1Vx4lsB6mK8gcs/AoLAwixsrLxNzhtB2g5kqXjc+7Vvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl7nfeqBSsUjc6VFMvRD3BQsYwdpI3dKRG2I98IO0nSGXCTT5+ultdp9eI1ezkCpEsm6pbFfsMdA8caakDFPUu6UvtxeRJKRCE46V6jh2rL0US80Ip1nRTRSNMRniPu0YKrCZ46XjezJ0aJQeCiJpntBorP7uSHGo1Cj0TWW+rpr1cvE/r5Po4NxLmYgTTQWZDAoSjnSE8nBQj0lKNB8ZgolkZldEBlhiok2ERROCM3vyPGlWK85JpXpzWq5dTOMowD4cwDE4cAY1uII6NIDAIzzDK7xZT9aL9W59TEoXrGnPHvyB9fkD7TKclQ==</latexit>

F 2 RN⇥c
<latexit sha1_base64="P+FDiS/3tCX8jdloU4bwuiitLbw=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxVWaqoMuiIK6kin1Ap5ZMmmlDM5khuSOUYf7Ajb/ixoUibt26829MHwttPRA4Oede7r3HjwXX4DjfVm5hcWl5Jb9aWFvf2Nyyt3fqOkoUZTUaiUg1faKZ4JLVgINgzVgxEvqCNfzBxchvPDCleSTvYBizdkh6kgecEjBSxz70QgJ9P0gvM+xxiSdfP73N7tNr7AEPmcY069hFp+SMgeeJOyVFNEW1Y3953YgmIZNABdG65ToxtFOigFPBsoKXaBYTOiA91jJUEjOnnY7vyfCBUbo4iJR5EvBY/d2RklDrYeibytG6etYbif95rQSCs3bKZZwAk3QyKEgEhgiPwsFdrhgFMTSEUMXNrpj2iSIUTIQFE4I7e/I8qZdL7nGpfHNSrJxP48ijPbSPjpCLTlEFXaEqqiGKHtEzekVv1pP1Yr1bH5PSnDXt2UV/YH3+AM/gnIM=</latexit>

µ
<latexit sha1_base64="YUIm7Tsc5b5P2pMGLKWRa4Nw0cU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6RVq/oX1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBerI3a</latexit>

Two assumptions: 
1. Low variation of  

over  w.r.t ;

2. The noise magnitude 

in  is small.

F
<latexit sha1_base64="8WBlr+ZqOOQOArgfRKZTo7gRrx0=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LIoiMsK9oFtKZn0ThuayQxJRihD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx4Jr47rfzsrq2vrGZmGruL2zu7dfOjhs6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98k/mtJ1SaR/LBTGLshXQoecAZNVZ67IbUjPwgvZ32S2W34s5AlomXkzLkqPdLX91BxJIQpWGCat3x3Nj0UqoMZwKnxW6iMaZsTIfYsVTSEHUvnSWeklOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkoq2BG/x5GXSrFa880r1/qJcu87rKMAxnMAZeHAJNbiDOjSAgYRneIU3RzsvzrvzMR9dcfKdI/gD5/MHso2Q7g==</latexit>

G
<latexit sha1_base64="zmlUFjy/pjcMEy8/BySkN8b+Wow=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFF7qsYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5mg2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnUbdu6g3Hi5rzZuijjKcwCmcgwdX0IR7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/erqRYQ==</latexit>

p
<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>

X
<latexit sha1_base64="ug3MRTkFEmuvBZK7pT+b5UnBryw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSEWWfaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSqlW9i2rt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kDzeeRAA==</latexit>



Methodology— p-Laplacian regularization framework

p-Laplacian regularization framework  

Lp(F) := min
F

Sp(F) + µ
NX

i=1

kFi,: �Xi,:k2
<latexit sha1_base64="rDv61jDDhqqvs6W4a9RmNTTn+OE="></latexit>

: A graph

: A  channel signal function

: The node feature matrix

: The node embedding matrix

: The hyperparameter

c
<latexit sha1_base64="0jIMiY3Xg6FeHydWT6UzrJgEy0o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJuuXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHx7OM6w==</latexit>










G = (V, E)
<latexit sha1_base64="IZbMHP+KS3lrMNQQ15nQhRosZmA=">AAACEXicbVDLSgMxFL3js9bXqEs3wSJUkDJTBd0IRRFdVrAPaIeSSdM2NPMgyQhlmF9w46+4caGIW3fu/Bsz7eCj9UDg3HPuJfceN+RMKsv6NObmFxaXlnMr+dW19Y1Nc2u7LoNIEFojAQ9E08WScubTmmKK02YoKPZcThvu8CL1G3dUSBb4t2oUUsfDfZ/1GMFKSx2z2PawGhDM46sEnaGfsp4cou/iMjnomAWrZI2BZomdkQJkqHbMj3Y3IJFHfUU4lrJlW6FyYiwUI5wm+XYkaYjJEPdpS1Mfe1Q68fiiBO1rpYt6gdDPV2is/p6IsSflyHN1Z7qjnPZS8T+vFaneqRMzP4wU9cnko17EkQpQGg/qMkGJ4iNNMBFM74rIAAtMlA4xr0Owp0+eJfVyyT4qlW+OC5XzLI4c7MIeFMGGE6jANVShBgTu4RGe4cV4MJ6MV+Nt0jpnZDM78AfG+xdxj5zF</latexit>

f : V ! Rc
<latexit sha1_base64="ZjrL3GlJqNO8NZjodsoZhqszrYE=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVUlBAjFVsDAWRB9SEyrHdVqrjh3ZDqiK8gks/AoLAwixMrLxN7htBmg50pWOzrlX994TxIwq7TjfVmFhcWl5pbhaWlvf2Nyyt3eaSiQSkwYWTMh2gBRhlJOGppqRdiwJigJGWsHwcuy37olUVPBbPYqJH6E+pyHFSBupax+G59CLkB5gxNJmBj1J+wONpBQPUz0I0pvsDnftslNxJoDzxM1JGeSod+0vrydwEhGuMUNKdVwn1n6KpKaYkazkJYrECA9Rn3QM5Sgiyk8nD2XwwCg9GAppims4UX9PpChSahQFpnN8o5r1xuJ/XifR4ZmfUh4nmnA8XRQmDGoBx+nAHpUEazYyBGFJza0QD5BEWJsMSyYEd/bledKsVtzjSvX6pFy7yOMogj2wD46AC05BDVyBOmgADB7BM3gFb9aT9WK9Wx/T1oKVz+yCP7A+fwD7P50z</latexit>

X 2 RN⇥c
<latexit sha1_base64="NU/iHmG44KLPfvxN1cWofagDvk4=">AAACD3icbVC7TsMwFL3hWcqrwMhiUYGYqqQgwVjBwoQKog+pCZXjOq1Vx4lsB6mK8gcs/AoLAwixsrLxNzhtB2g5kqXjc+7Vvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl7nfeqBSsUjc6VFMvRD3BQsYwdpI3dKRG2I98IO0nSGXCTT5+ultdp9eI1ezkCpEsm6pbFfsMdA8caakDFPUu6UvtxeRJKRCE46V6jh2rL0US80Ip1nRTRSNMRniPu0YKrCZ46XjezJ0aJQeCiJpntBorP7uSHGo1Cj0TWW+rpr1cvE/r5Po4NxLmYgTTQWZDAoSjnSE8nBQj0lKNB8ZgolkZldEBlhiok2ERROCM3vyPGlWK85JpXpzWq5dTOMowD4cwDE4cAY1uII6NIDAIzzDK7xZT9aL9W59TEoXrGnPHvyB9fkD7TKclQ==</latexit>

F 2 RN⇥c
<latexit sha1_base64="P+FDiS/3tCX8jdloU4bwuiitLbw=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxVWaqoMuiIK6kin1Ap5ZMmmlDM5khuSOUYf7Ajb/ixoUibt26829MHwttPRA4Oede7r3HjwXX4DjfVm5hcWl5Jb9aWFvf2Nyyt3fqOkoUZTUaiUg1faKZ4JLVgINgzVgxEvqCNfzBxchvPDCleSTvYBizdkh6kgecEjBSxz70QgJ9P0gvM+xxiSdfP73N7tNr7AEPmcY069hFp+SMgeeJOyVFNEW1Y3953YgmIZNABdG65ToxtFOigFPBsoKXaBYTOiA91jJUEjOnnY7vyfCBUbo4iJR5EvBY/d2RklDrYeibytG6etYbif95rQSCs3bKZZwAk3QyKEgEhgiPwsFdrhgFMTSEUMXNrpj2iSIUTIQFE4I7e/I8qZdL7nGpfHNSrJxP48ijPbSPjpCLTlEFXaEqqiGKHtEzekVv1pP1Yr1bH5PSnDXt2UV/YH3+AM/gnIM=</latexit>

µ
<latexit sha1_base64="YUIm7Tsc5b5P2pMGLKWRa4Nw0cU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6RVq/oX1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBerI3a</latexit>

When  
• Closed-form solution: 


.


• Iteration algorithm (is guaranteed to converge):


,


.


•  = personalized PageRank matrix [1].


p = 2
<latexit sha1_base64="HmckpdhcxeKcbkjEY0mSJEbiuwo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8NOME/YgOJA85o8ZKD8l1tVcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0mzWvHOK9X7i3LtJo+jAMdwAmfgwSXU4A7q0AAGA3iGV3hzhPPivDsf89YVJ585gj9wPn8AzpmNew==</latexit>

F⇤ = µ(�2 + µIN )�1X
<latexit sha1_base64="1ir4IBZ/BDxX1hfu7+VcGXLPBgw="></latexit>

F(k+1) = ↵D�1/2WD�1/2F(k) + �X
<latexit sha1_base64="3vRwm2ROVTfYlxDYlXiF0Db9pUY="></latexit>

↵ =
1

1 + µ
,� =

µ

1 + µ
<latexit sha1_base64="hEPOF1NbowSRPCbkmrQmVCHkhz4=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQlJK0gm6EohuXFewDmlAm00k7dGYSZiZCCf0QN/6KGxeKuHEh+DdO2oDaeuDC4Zx7ufeeIGZUacf5sgpLyyura8X10sbm1vaOvbvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXWd++55IRSNxp8cx8TkaCBpSjLSRenbNQyweIngJvVAinLqT1D3xeDI5hV5A9I+RabnVs8tOxZkCLhI3J2WQo9GzP7x+hBNOhMYMKdV1nVj7KZKaYkYmJS9RJEZ4hAaka6hAnCg/nT43gUdG6cMwkqaEhlP190SKuFJjHphOjvRQzXuZ+J/XTXR44adUxIkmAs8WhQmDOoJZUrBPJcGajQ1BWFJzK8RDZLLQJs+SCcGdf3mRtKoVt1ap3p6V61d5HEVwAA7BMXDBOaiDG9AATYDBA3gCL+DVerSerTfrfdZasPKZffAH1uc3DE6gwA==</latexit>

µ(�2 + µIN )�1
<latexit sha1_base64="R9cuTMhWvuQLeSOlnM0019nGVrA=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoiCWpgi6LutCNVLAPaGKYTCft0MmDmYlQQn7Ajb/ixoUibt2782+ctFlo64GBM+fcy733uBGjQhrGt1aYm19YXCoul1ZW19Y39M2tlghjjkkThyzkHRcJwmhAmpJKRjoRJ8h3GWm7w4vMbz8QLmgY3MlRRGwf9QPqUYykkhx9z/LjinVJmERODR5C9bV8JAeul1ynzs3BfXJkpo5eNqrGGHCWmDkpgxwNR/+yeiGOfRJIzJAQXdOIpJ0gLilmJC1ZsSARwkPUJ11FA+QTYSfja1K4r5Qe9EKuXiDhWP3dkSBfiJHvqspsUzHtZeJ/XjeW3pmd0CCKJQnwZJAXMyhDmEUDe5QTLNlIEYQ5VbtCPEAcYakCLKkQzOmTZ0mrVjWPq7Xbk3L9PI+jCHbALqgAE5yCOrgCDdAEGDyCZ/AK3rQn7UV71z4mpQUt79kGf6B9/gCHFpqW</latexit>

Two assumptions: 
1. Low variation of  

over  w.r.t ;

2. The noise magnitude 

in  is small.

F
<latexit sha1_base64="8WBlr+ZqOOQOArgfRKZTo7gRrx0=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LIoiMsK9oFtKZn0ThuayQxJRihD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx4Jr47rfzsrq2vrGZmGruL2zu7dfOjhs6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98k/mtJ1SaR/LBTGLshXQoecAZNVZ67IbUjPwgvZ32S2W34s5AlomXkzLkqPdLX91BxJIQpWGCat3x3Nj0UqoMZwKnxW6iMaZsTIfYsVTSEHUvnSWeklOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkoq2BG/x5GXSrFa880r1/qJcu87rKMAxnMAZeHAJNbiDOjSAgYRneIU3RzsvzrvzMR9dcfKdI/gD5/MHso2Q7g==</latexit>

G
<latexit sha1_base64="zmlUFjy/pjcMEy8/BySkN8b+Wow=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFF7qsYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5mg2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnUbdu6g3Hi5rzZuijjKcwCmcgwdX0IR7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/erqRYQ==</latexit>

p
<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>

X
<latexit sha1_base64="ug3MRTkFEmuvBZK7pT+b5UnBryw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSEWWfaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSqlW9i2rt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kDzeeRAA==</latexit>



Methodology— p-Laplacian regularization framework

p-Laplacian regularization framework  

Lp(F) := min
F

Sp(F) + µ
NX

i=1

kFi,: �Xi,:k2
<latexit sha1_base64="rDv61jDDhqqvs6W4a9RmNTTn+OE="></latexit>

: A graph

: A  channel signal function

: The node feature matrix

: The node embedding matrix

: The hyperparameter

c
<latexit sha1_base64="0jIMiY3Xg6FeHydWT6UzrJgEy0o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJuuXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHx7OM6w==</latexit>










G = (V, E)
<latexit sha1_base64="IZbMHP+KS3lrMNQQ15nQhRosZmA=">AAACEXicbVDLSgMxFL3js9bXqEs3wSJUkDJTBd0IRRFdVrAPaIeSSdM2NPMgyQhlmF9w46+4caGIW3fu/Bsz7eCj9UDg3HPuJfceN+RMKsv6NObmFxaXlnMr+dW19Y1Nc2u7LoNIEFojAQ9E08WScubTmmKK02YoKPZcThvu8CL1G3dUSBb4t2oUUsfDfZ/1GMFKSx2z2PawGhDM46sEnaGfsp4cou/iMjnomAWrZI2BZomdkQJkqHbMj3Y3IJFHfUU4lrJlW6FyYiwUI5wm+XYkaYjJEPdpS1Mfe1Q68fiiBO1rpYt6gdDPV2is/p6IsSflyHN1Z7qjnPZS8T+vFaneqRMzP4wU9cnko17EkQpQGg/qMkGJ4iNNMBFM74rIAAtMlA4xr0Owp0+eJfVyyT4qlW+OC5XzLI4c7MIeFMGGE6jANVShBgTu4RGe4cV4MJ6MV+Nt0jpnZDM78AfG+xdxj5zF</latexit>

f : V ! Rc
<latexit sha1_base64="ZjrL3GlJqNO8NZjodsoZhqszrYE=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVUlBAjFVsDAWRB9SEyrHdVqrjh3ZDqiK8gks/AoLAwixMrLxN7htBmg50pWOzrlX994TxIwq7TjfVmFhcWl5pbhaWlvf2Nyyt3eaSiQSkwYWTMh2gBRhlJOGppqRdiwJigJGWsHwcuy37olUVPBbPYqJH6E+pyHFSBupax+G59CLkB5gxNJmBj1J+wONpBQPUz0I0pvsDnftslNxJoDzxM1JGeSod+0vrydwEhGuMUNKdVwn1n6KpKaYkazkJYrECA9Rn3QM5Sgiyk8nD2XwwCg9GAppims4UX9PpChSahQFpnN8o5r1xuJ/XifR4ZmfUh4nmnA8XRQmDGoBx+nAHpUEazYyBGFJza0QD5BEWJsMSyYEd/bledKsVtzjSvX6pFy7yOMogj2wD46AC05BDVyBOmgADB7BM3gFb9aT9WK9Wx/T1oKVz+yCP7A+fwD7P50z</latexit>

X 2 RN⇥c
<latexit sha1_base64="NU/iHmG44KLPfvxN1cWofagDvk4=">AAACD3icbVC7TsMwFL3hWcqrwMhiUYGYqqQgwVjBwoQKog+pCZXjOq1Vx4lsB6mK8gcs/AoLAwixsrLxNzhtB2g5kqXjc+7Vvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl7nfeqBSsUjc6VFMvRD3BQsYwdpI3dKRG2I98IO0nSGXCTT5+ultdp9eI1ezkCpEsm6pbFfsMdA8caakDFPUu6UvtxeRJKRCE46V6jh2rL0US80Ip1nRTRSNMRniPu0YKrCZ46XjezJ0aJQeCiJpntBorP7uSHGo1Cj0TWW+rpr1cvE/r5Po4NxLmYgTTQWZDAoSjnSE8nBQj0lKNB8ZgolkZldEBlhiok2ERROCM3vyPGlWK85JpXpzWq5dTOMowD4cwDE4cAY1uII6NIDAIzzDK7xZT9aL9W59TEoXrGnPHvyB9fkD7TKclQ==</latexit>

F 2 RN⇥c
<latexit sha1_base64="P+FDiS/3tCX8jdloU4bwuiitLbw=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxVWaqoMuiIK6kin1Ap5ZMmmlDM5khuSOUYf7Ajb/ixoUibt26829MHwttPRA4Oede7r3HjwXX4DjfVm5hcWl5Jb9aWFvf2Nyyt3fqOkoUZTUaiUg1faKZ4JLVgINgzVgxEvqCNfzBxchvPDCleSTvYBizdkh6kgecEjBSxz70QgJ9P0gvM+xxiSdfP73N7tNr7AEPmcY069hFp+SMgeeJOyVFNEW1Y3953YgmIZNABdG65ToxtFOigFPBsoKXaBYTOiA91jJUEjOnnY7vyfCBUbo4iJR5EvBY/d2RklDrYeibytG6etYbif95rQSCs3bKZZwAk3QyKEgEhgiPwsFdrhgFMTSEUMXNrpj2iSIUTIQFE4I7e/I8qZdL7nGpfHNSrJxP48ijPbSPjpCLTlEFXaEqqiGKHtEzekVv1pP1Yr1bH5PSnDXt2UV/YH3+AM/gnIM=</latexit>

µ
<latexit sha1_base64="YUIm7Tsc5b5P2pMGLKWRa4Nw0cU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6RVq/oX1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBerI3a</latexit>

When  
• Closed-form solution: 


.


• Iteration algorithm (is guaranteed to converge):


,


.


•  = personalized PageRank matrix [1].


p = 2
<latexit sha1_base64="HmckpdhcxeKcbkjEY0mSJEbiuwo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8NOME/YgOJA85o8ZKD8l1tVcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0mzWvHOK9X7i3LtJo+jAMdwAmfgwSXU4A7q0AAGA3iGV3hzhPPivDsf89YVJ585gj9wPn8AzpmNew==</latexit>

F⇤ = µ(�2 + µIN )�1X
<latexit sha1_base64="1ir4IBZ/BDxX1hfu7+VcGXLPBgw="></latexit>

F(k+1) = ↵D�1/2WD�1/2F(k) + �X
<latexit sha1_base64="3vRwm2ROVTfYlxDYlXiF0Db9pUY="></latexit>

↵ =
1

1 + µ
,� =

µ

1 + µ
<latexit sha1_base64="hEPOF1NbowSRPCbkmrQmVCHkhz4=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQlJK0gm6EohuXFewDmlAm00k7dGYSZiZCCf0QN/6KGxeKuHEh+DdO2oDaeuDC4Zx7ufeeIGZUacf5sgpLyyura8X10sbm1vaOvbvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXWd++55IRSNxp8cx8TkaCBpSjLSRenbNQyweIngJvVAinLqT1D3xeDI5hV5A9I+RabnVs8tOxZkCLhI3J2WQo9GzP7x+hBNOhMYMKdV1nVj7KZKaYkYmJS9RJEZ4hAaka6hAnCg/nT43gUdG6cMwkqaEhlP190SKuFJjHphOjvRQzXuZ+J/XTXR44adUxIkmAs8WhQmDOoJZUrBPJcGajQ1BWFJzK8RDZLLQJs+SCcGdf3mRtKoVt1ap3p6V61d5HEVwAA7BMXDBOaiDG9AATYDBA3gCL+DVerSerTfrfdZasPKZffAH1uc3DE6gwA==</latexit>

µ(�2 + µIN )�1
<latexit sha1_base64="R9cuTMhWvuQLeSOlnM0019nGVrA=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoiCWpgi6LutCNVLAPaGKYTCft0MmDmYlQQn7Ajb/ixoUibt2782+ctFlo64GBM+fcy733uBGjQhrGt1aYm19YXCoul1ZW19Y39M2tlghjjkkThyzkHRcJwmhAmpJKRjoRJ8h3GWm7w4vMbz8QLmgY3MlRRGwf9QPqUYykkhx9z/LjinVJmERODR5C9bV8JAeul1ynzs3BfXJkpo5eNqrGGHCWmDkpgxwNR/+yeiGOfRJIzJAQXdOIpJ0gLilmJC1ZsSARwkPUJ11FA+QTYSfja1K4r5Qe9EKuXiDhWP3dkSBfiJHvqspsUzHtZeJ/XjeW3pmd0CCKJQnwZJAXMyhDmEUDe5QTLNlIEYQ5VbtCPEAcYakCLKkQzOmTZ0mrVjWPq7Xbk3L9PI+jCHbALqgAE5yCOrgCDdAEGDyCZ/AK3rQn7UV71z4mpQUt79kGf6B9/gCHFpqW</latexit>

When  
• Not aware of any closed-form solution.


• Iteration algorithm:








p � 1
<latexit sha1_base64="Wfu7qmx/UpAovR3Ae00MBkHqDe4=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120i7dbNLdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbT6g0j+WjmSToR3QgecgZNVZqJ6Q7wDHxeqWyW3HnIKvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nAabGbakwoG9EBdiyVNELtZ/N7p+TcKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8MbPuExSg5ItFoWpICYms+dJnytkRkwsoUxxeythQ6ooMzaiog3BW355lTSrFe+yUn24Ktdu8zgKcApncAEeXEMN7qEODWAg4Ble4c0ZOy/Ou/OxaF1z8pkT+APn8wf+mo9I</latexit>

F(k+1)
i,: = ↵(k)

i,i

NX

j=1

M (k)
i,jp

Di,iDj,j
F(k)

j,: + �(k)
i,i Xi,:

<latexit sha1_base64="SW2POaNMK7zwt+OGyCsvyJxO5FI="></latexit>

M (k)
i,j = Wi,j

�����

s
Wi,j

Di,i
F(k)

i,: �

s
Wi,j

Dj,j
F(k)

j,:

�����

p�2

<latexit sha1_base64="PB2cUfLPIn8+yenoLtWy5jxR0Qs="></latexit>

↵(k)
i,i = 1

�
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@
NX

j=1

M (k)
i,j

Di,i
+

2µ

p

1

A , �(k)
i,i =

2µ

p
↵(k)
i,i

<latexit sha1_base64="NCVfDKu8lx8CVpnRotDy87SYzoA="></latexit>

Two assumptions: 
1. Low variation of  

over  w.r.t ;

2. The noise magnitude 

in  is small.

F
<latexit sha1_base64="8WBlr+ZqOOQOArgfRKZTo7gRrx0=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LIoiMsK9oFtKZn0ThuayQxJRihD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx4Jr47rfzsrq2vrGZmGruL2zu7dfOjhs6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98k/mtJ1SaR/LBTGLshXQoecAZNVZ67IbUjPwgvZ32S2W34s5AlomXkzLkqPdLX91BxJIQpWGCat3x3Nj0UqoMZwKnxW6iMaZsTIfYsVTSEHUvnSWeklOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkoq2BG/x5GXSrFa880r1/qJcu87rKMAxnMAZeHAJNbiDOjSAgYRneIU3RzsvzrvzMR9dcfKdI/gD5/MHso2Q7g==</latexit>

G
<latexit sha1_base64="zmlUFjy/pjcMEy8/BySkN8b+Wow=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFF7qsYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5mg2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnUbdu6g3Hi5rzZuijjKcwCmcgwdX0IR7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/erqRYQ==</latexit>

p
<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>

X
<latexit sha1_base64="ug3MRTkFEmuvBZK7pT+b5UnBryw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSEWWfaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSqlW9i2rt/rJSv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kDzeeRAA==</latexit>



Methodology— p-Laplacian message passing & GNN Architecturep

When  
• Iteration algorithm:








p � 1
<latexit sha1_base64="Wfu7qmx/UpAovR3Ae00MBkHqDe4=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120i7dbNLdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbT6g0j+WjmSToR3QgecgZNVZqJ6Q7wDHxeqWyW3HnIKvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nAabGbakwoG9EBdiyVNELtZ/N7p+TcKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8MbPuExSg5ItFoWpICYms+dJnytkRkwsoUxxeythQ6ooMzaiog3BW355lTSrFe+yUn24Ktdu8zgKcApncAEeXEMN7qEODWAg4Ble4c0ZOy/Ou/OxaF1z8pkT+APn8wf+mo9I</latexit>
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<latexit sha1_base64="SW2POaNMK7zwt+OGyCsvyJxO5FI="></latexit>
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<latexit sha1_base64="PB2cUfLPIn8+yenoLtWy5jxR0Qs="></latexit>
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<latexit sha1_base64="NCVfDKu8lx8CVpnRotDy87SYzoA="></latexit>



Methodology— p-Laplacian message passing & GNN Architecturep

p-Laplacian Message Passing 







F(k+1) = ↵(k)D�1/2M(k)D�1/2F(k) + �(k)X
<latexit sha1_base64="+iJfgWVuO+0u8CfmRM3dVrqP2jo="></latexit>
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<latexit sha1_base64="PB2cUfLPIn8+yenoLtWy5jxR0Qs="></latexit>
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<latexit sha1_base64="NCVfDKu8lx8CVpnRotDy87SYzoA="></latexit>

When  
• Iteration algorithm:








p � 1
<latexit sha1_base64="Wfu7qmx/UpAovR3Ae00MBkHqDe4=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120i7dbNLdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbT6g0j+WjmSToR3QgecgZNVZqJ6Q7wDHxeqWyW3HnIKvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nAabGbakwoG9EBdiyVNELtZ/N7p+TcKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8MbPuExSg5ItFoWpICYms+dJnytkRkwsoUxxeythQ6ooMzaiog3BW355lTSrFe+yUn24Ktdu8zgKcApncAEeXEMN7qEODWAg4Ble4c0ZOy/Ou/OxaF1z8pkT+APn8wf+mo9I</latexit>
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<latexit sha1_base64="SW2POaNMK7zwt+OGyCsvyJxO5FI="></latexit>
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<latexit sha1_base64="PB2cUfLPIn8+yenoLtWy5jxR0Qs="></latexit>
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<latexit sha1_base64="NCVfDKu8lx8CVpnRotDy87SYzoA="></latexit>



Methodology— p-Laplacian message passing & GNN Architecturep

p-Laplacian Message Passing 
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p-Laplacian message passing is guaranteed to converge with proper chosen  by Theorem 2.µ
<latexit sha1_base64="YUIm7Tsc5b5P2pMGLKWRa4Nw0cU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6RVq/oX1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBerI3a</latexit>

When  
• Iteration algorithm:
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p-Laplacian message passing is guaranteed to converge with proper chosen  by Theorem 2.µ
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GNN Architecture 







p

F(0) = ReLU(X⇥(1))
<latexit sha1_base64="YAJZQgmWeD8hDTVwut1kSBIEgDA=">AAACIHicbVDJSgNBFOxxN25Rj14ag5BcwowK8SIEBfHgQcUskImhp/PGNOlZ6H4jhmE+xYu/4sWDInrTr7ETI7gVNBRV9ej3youl0Gjbb9bE5NT0zOzcfG5hcWl5Jb+6VtdRojjUeCQj1fSYBilCqKFACc1YAQs8CQ2vfzj0G9egtIjCCxzE0A7YVSh8wRkaqZOvuAHDnuenR9llWrRLGaX71EW4wfQcTmpZ8ctvZu5FD5CZlFPKSp18wS7bI9C/xBmTAhnjtJN/dbsRTwIIkUumdcuxY2ynTKHgErKcm2iIGe+zK2gZGrIAdDsdHZjRLaN0qR8p80KkI/X7RMoCrQeBZ5LDdfVvbyj+57US9PfaqQjjBCHknx/5iaQY0WFbtCsUcJQDQxhXwuxKeY8pxtF0mjMlOL9P/kvq22Vnp7x9tluoHozrmCMbZJMUiUMqpEqOySmpEU5uyT15JE/WnfVgPVsvn9EJazyzTn7Aev8ANMSiXw==</latexit>

F(k+1) = ↵(k)D�1/2M(k)D�1/2F(k) + �(k)F(0), k = 0, 1, . . . ,K � 1
<latexit sha1_base64="RDul1v/DL8OQ1Trd5nT4sHWlzpo="></latexit>

Z = softmax(F(K)⇥(2))
<latexit sha1_base64="MRm3U5wHAfP405mvsVuCVtY+2Xk="></latexit>

: The node feature matrix

: The node embedding matrix

: The 1st, 2nd layer NN parameters

: The number of iterations
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<latexit sha1_base64="NU/iHmG44KLPfvxN1cWofagDvk4=">AAACD3icbVC7TsMwFL3hWcqrwMhiUYGYqqQgwVjBwoQKog+pCZXjOq1Vx4lsB6mK8gcs/AoLAwixsrLxNzhtB2g5kqXjc+7Vvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl7nfeqBSsUjc6VFMvRD3BQsYwdpI3dKRG2I98IO0nSGXCTT5+ultdp9eI1ezkCpEsm6pbFfsMdA8caakDFPUu6UvtxeRJKRCE46V6jh2rL0US80Ip1nRTRSNMRniPu0YKrCZ46XjezJ0aJQeCiJpntBorP7uSHGo1Cj0TWW+rpr1cvE/r5Po4NxLmYgTTQWZDAoSjnSE8nBQj0lKNB8ZgolkZldEBlhiok2ERROCM3vyPGlWK85JpXpzWq5dTOMowD4cwDE4cAY1uII6NIDAIzzDK7xZT9aL9W59TEoXrGnPHvyB9fkD7TKclQ==</latexit>

F 2 RN⇥c
<latexit sha1_base64="P+FDiS/3tCX8jdloU4bwuiitLbw=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxVWaqoMuiIK6kin1Ap5ZMmmlDM5khuSOUYf7Ajb/ixoUibt26829MHwttPRA4Oede7r3HjwXX4DjfVm5hcWl5Jb9aWFvf2Nyyt3fqOkoUZTUaiUg1faKZ4JLVgINgzVgxEvqCNfzBxchvPDCleSTvYBizdkh6kgecEjBSxz70QgJ9P0gvM+xxiSdfP73N7tNr7AEPmcY069hFp+SMgeeJOyVFNEW1Y3953YgmIZNABdG65ToxtFOigFPBsoKXaBYTOiA91jJUEjOnnY7vyfCBUbo4iJR5EvBY/d2RklDrYeibytG6etYbif95rQSCs3bKZZwAk3QyKEgEhgiPwsFdrhgFMTSEUMXNrpj2iSIUTIQFE4I7e/I8qZdL7nGpfHNSrJxP48ijPbSPjpCLTlEFXaEqqiGKHtEzekVv1pP1Yr1bH5PSnDXt2UV/YH3+AM/gnIM=</latexit>

⇥(1),⇥(2)
<latexit sha1_base64="KDmd9coV/1IbG0K01RPVEJ0pgsY=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VooZSkCrosunFZoS9oYplMJ+3QySTMTIQS8hNu/BU3LhRxK7jzb5y0WWjrgQuHc+7l3nu8iFGpLOvbKKytb2xuFbdLO7t7+wfm4VFXhrHApINDFoq+hyRhlJOOooqRfiQICjxGet70JvN7D0RIGvK2mkXEDdCYU59ipLQ0NGtOgNTE8xOnPSEKpfdJxa6mNbgqN6rp0CxbdWsOuErsnJRBjtbQ/HJGIY4DwhVmSMqBbUXKTZBQFDOSlpxYkgjhKRqTgaYcBUS6yfyrFJ5pZQT9UOjiCs7V3xMJCqScBZ7uzI6Vy14m/ucNYuVfuQnlUawIx4tFfsygCmEWERxRQbBiM00QFlTfCvEECYSVDrKkQ7CXX14l3UbdPq837i7Kzes8jiI4AaegAmxwCZrgFrRAB2DwCJ7BK3gznowX4934WLQWjHzmGPyB8fkD0AmelA==</latexit>

K
<latexit sha1_base64="HQfadDQrozr2PpvG928HQmjcOjI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6NTjNM=</latexit>



Spectral Analysis— p-Laplacian based graph convolution

p-Laplacian based graph convolution 

g✓ ?X = �p(U)ĝ✓(⇤)�p(U)>X
<latexit sha1_base64="599HI4eYO2KBn7US0s/NEIAHZIc="></latexit>



Spectral Analysis— p-Laplacian based graph convolution

p-Laplacian based graph convolution 

g✓ ?X = �p(U)ĝ✓(⇤)�p(U)>X
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Theorem 3 
p-Laplacian message passing is a polynomial filter defined on 
the spectral domain of p-Laplacian!
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Spectral Analysis— Low-Pass & Low-High-Pass Filters

Spectral analysis of p-Laplacian message passing 
It adaptively acts as low-pass & low-high-pass filters on node  in terms of its graph gradients .i

<latexit sha1_base64="hA2BMjcr0btVk5qY1/HOr4xO94Q=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu+XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH0MuM8Q==</latexit>

krf(i)k
<latexit sha1_base64="stAO5l9pLIlvz+yci3pwRCFYAgQ=">AAAB+HicbVBNT8JAEN3iF+IHVY9eNhITvJAWTfRI9OIREwET2pDpsoUN222zuzXBwi/x4kFjvPpTvPlvXKAHBV8yyct7M5mZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnktAWiXksHwJQlDNBW5ppTh8SSSEKOO0Eo5uZ33mkUrFY3OtxQv0IBoKFjIA2Us8uexNPQMABh1V25k16dsWpOXPgVeLmpIJyNHv2l9ePSRpRoQkHpbquk2g/A6kZ4XRa8lJFEyAjGNCuoQIiqvxsfvgUnxqlj8NYmhIaz9XfExlESo2jwHRGoIdq2ZuJ/3ndVIdXfsZEkmoqyGJRmHKsYzxLAfeZpETzsSFAJDO3YjIECUSbrEomBHf55VXSrtfc81r97qLSuM7jKKJjdIKqyEWXqIFuURO1EEEpekav6M16sl6sd+tj0Vqw8pkj9AfW5w/aMJKP</latexit>
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<latexit sha1_base64="AeTvkEQSifOUg9jJNJb9ScuzAmc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpevFYwbSFNpTNdtMu3WzC7kQopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHTZNkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4upv5rSeujUjUI45THsR0oEQkGEUr+Sm5IbVeueJW3TnIKvFyUoEcjV75q9tPWBZzhUxSYzqem2IwoRoFk3xa6maGp5SN6IB3LFU05iaYzI+dkjOr9EmUaFsKyVz9PTGhsTHjOLSdMcWhWfZm4n9eJ8PoOpgIlWbIFVssijJJMCGzz0lfaM5Qji2hTAt7K2FDqilDm0/JhuAtv7xKmrWqd1GtPVxW6rd5HEU4gVM4Bw+uoA730AAfGAh4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/fJ2N0A==</latexit>

p = 2
<latexit sha1_base64="g48xx6jTgIO0MZR8jrAony3pwEQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoBeh6MVjBdMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6G7mt564NiJRjzhOeRDTgRKRYBSt5KfkhtR65Ypbdecgq8TLSQVyNHrlr24/YVnMFTJJjel4borBhGoUTPJpqZsZnlI2ogPesVTRmJtgMj92Ss6s0idRom0pJHP198SExsaM49B2xhSHZtmbif95nQyj62AiVJohV2yxKMokwYTMPid9oTlDObaEMi3srYQNqaYMbT4lG4K3/PIqadaq3kW19nBZqd/mcRThBE7hHDy4gjrcQwN8YCDgGV7hzVHOi/PufCxaC04+cwx/4Hz+AHsXjc8=</latexit>

1  p < 2
<latexit sha1_base64="8AElaBC7HdQjHqKgg6Cb1EfS0Io=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl0UtLAI2lhGMB+QO8LeZi5Zsrd37u4JIeRv2FgoYuufsfPfuEmu0MQHA4/3ZpiZF6aCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJaodUo+ASG4Ybge1UIY1Dga1weDv1W0+oNE/kgxmlGMS0L3nEGTVW8j3iC3wkKbkm1W6p7FbcGcgy8XJShhz1bunL7yUsi1EaJqjWHc9NTTCmynAmcFL0M40pZUPax46lksaog/Hs5gk5tUqPRImyJQ2Zqb8nxjTWehSHtjOmZqAXvan4n9fJTHQVjLlMM4OSzRdFmSAmIdMASI8rZEaMLKFMcXsrYQOqKDM2pqINwVt8eZk0qxXvvFK9vyjXbvI4CnAMJ3AGHlxCDe6gDg1gkMIzvMKbkzkvzrvzMW9dcfKZI/gD5/MHqyeQIw==</latexit>

Always

krf(i)k  2(p�1)/(p�2)
<latexit sha1_base64="Gd2ynr9qOkKxXt13YS1YH+YyxXI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiC1AyUJSDBWsDAWiT6kJlSO67RWHSfYDlKV9gdY+BUWBhBiZWfjb3DbDFA40r06Oude2ff4MaNSWdaXkVtYXFpeya8W1tY3NrfM7Z2GjBKBSR1HLBItH0nCKCd1RRUjrVgQFPqMNP3B5cRv3hMhacRv1DAmXoh6nAYUI6WljnngjlyOfIZgUKJldwRdRu6gc5uW4iO7fKy7Ux53zKJVsaaAf4mdkSLIUOuYn243wklIuMIMSdm2rVh5KRKKYkbGBTeRJEZ4gHqkrSlHIZFeOr1mDA+10oVBJHRxBafqz40UhVIOQ19Phkj15bw3Ef/z2okKzr2U8jhRhOPZQ0HCoIrgJBrYpYJgxYaaICyo/ivEfSQQVjrAgg7Bnj/5L2k4Ffuk4lyfFqsXWRx5sAf2QQnY4AxUwRWogTrA4AE8gRfwajwaz8ab8T4bzRnZzi74BePjG2llmTU=</latexit>

krf(i)k > 2(p�1)/(p�2)
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krf(i)k < 2(2
p

Nk)
1/(p�2)

<latexit sha1_base64="RGoFn3sXqvdIFXA81Xq5WKhzRAY=">AAACE3icbVDLSsNAFJ34rPVVdelmsAipYE2ioAsXRTeupIJ9QFPLZDpph04mcWYilLT/4MZfceNCEbdu3Pk3TtsstPXAhcM593LvPV7EqFSW9W3MzS8sLi1nVrKra+sbm7mt7aoMY4FJBYcsFHUPScIoJxVFFSP1SBAUeIzUvN7lyK89ECFpyG9VPyLNAHU49SlGSkut3IE7cDnyGIK+SQvuAJ5Dx3RceS9Uct3qDQt3iX1kRodOYdjK5a2iNQacJXZK8iBFuZX7ctshjgPCFWZIyoZtRaqZIKEoZmSYdWNJIoR7qEMamnIUENlMxj8N4b5W2tAPhS6u4Fj9PZGgQMp+4OnOAKmunPZG4n9eI1b+WTOhPIoV4XiyyI8ZVCEcBQTbVBCsWF8ThAXVt0LcRQJhpWPM6hDs6ZdnSdUp2sdF5+YkX7pI48iAXbAHTGCDU1ACV6AMKgCDR/AMXsGb8WS8GO/Gx6R1zkhndsAfGJ8/O6Cb2g==</latexit>

krf(i)k � 2(2
p

Nk)
1/(p�2)

<latexit sha1_base64="0FrVtTAHzngTNs6VXktKjMCgIfE=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VoF61JFHRZdONKKtgHNLFMppM6dDJJZyZCSfsVbvwVNy4UcSvu/Bunj4W2HrhwOOde7r3HjxmVyrK+jczS8srqWnY9t7G5tb1j7u7VZZQITGo4YpFo+kgSRjmpKaoYacaCoNBnpOH3Lsd+44EISSN+qwYx8ULU5TSgGCkttc2SO3Q58hmCQYEW3SF0u6QPnYLjyr5Q6XW7NyrepfZxIS45xVHbzFtlawK4SOwZyYMZqm3zy+1EOAkJV5ghKVu2FSsvRUJRzMgo5yaSxAj3UJe0NOUoJNJLJ2+N4JFWOjCIhC6u4ET9PZGiUMpB6OvOEKl7Oe+Nxf+8VqKCcy+lPE4U4Xi6KEgYVBEcZwQ7VBCs2EAThAXVt0J8jwTCSieZ0yHY8y8vkrpTtk/Kzs1pvnIxiyMLDsAhKAAbnIEKuAJVUAMYPIJn8ArejCfjxXg3PqatGWM2sw/+wPj8AfFRnVU=</latexit>

�<latexit sha1_base64="1wWJZzuqkwoOr8BrbeaugX9EN5c=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3mW5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3XbjLU=</latexit>
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Emprical Studies — Semi-supervised node classification

0

10

20

30

40

50

60

70

80

90

100

0.25 0.5 1

A
cc

ur
ac

y 
(%

)

r

Computers

MLP

GCN

SGC

GAT

JKNet

APPNP

GPRGNN

1.0-GNN

1.5-GNN

2.0-GNN

2.5-GNN
40

50

60

70

80

90

100

0.25 0.5 1

A
cc

ur
ac

y 
(%

)

r

Wisconsin

MLP

GCN

SGC

GAT

JKNet

APPNP

GPRGNN

1.0-GNN

1.5-GNN

2.0-GNN

2.5-GNN

40

50

60

70

80

90

100

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Ac
cu

ra
cy

 (%
)

ϕ

cSBM sparse split
MLP

GCN

SGC

GAT

JKNet

APPNP

GPRGNN

1.0-GNN

1.5-GNN

2.0-GNN

2.5-GNN

Fig. 1: Aggregation weight entropy distribution of graphs.

Fig. 1: Averaged accuracy on graphs with noisy edges.

Fig. 2: Averaged accuracy on cSBM datasets.
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