
Directed Graph Contrastive Learning

Why we need directed graphs?

• Recommender Systems

• Traffic Forecasting

Limitations of Graph Contrastive Learning

Brief Experimental Results

Zekun Tong, Yuxuan Liang, Henghui Ding, Yongxing Dai, Xinke Li, Changhu Wang

Data Augmentation Limits

There is a lack of data augmentation methods 
specifically designed for directed graphs.

1. inability to take full advantage of data augmentation

2. hand-picking data augmentation parameters

Integrating data augmentation into contrastive 

learning framework is still at early stage.

Data augmentation


Change Structure 

Road network
 Knowledge graph


Directed structures are everywhere:

• Biology (LGT)

• Neuroscience

Node classification task in directed graphs


Augmentation Time
 Graph Size


We present the first contrastive learning framework 

for learning directed graph representation.

Summary

More info
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Node dropping 

Edge dropping 

Directed graph

Learning Framework Limits

1. discard distinctive structural information

2. overlooks the discrepancy of nodes and edges
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<latexit sha1_base64="/Q1+FwUDa+aFFn0aFl/qjLQvu+k=">AAACAnicbVC7SgNBFL0bXzG+opY2i0GwCruiaBm00DKCiYHNEmYns8mQeSwzs0JY0vkLttrbia0/YuuXOJtsYRIPDBzOuZd75kQJo9p43rdTWlldW98ob1a2tnd296r7B20tU4VJC0smVSdCmjAqSMtQw0gnUQTxiJHHaHST+49PRGkqxYMZJyTkaCBoTDEyVgq6HJkhRiy7nfSqNa/uTeEuE78gNSjQ7FV/un2JU06EwQxpHfheYsIMKUMxI5NKN9UkQXiEBiSwVCBOdJhNI0/cE6v03Vgq+4Rxp+rfjQxxrcc8spN5RL3o5eJ/XpCa+CrMqEhSQwSeHYpT5hrp5v93+1QRbNjYEoQVtVldPEQKYWNbmrsS8UnFluIvVrBM2md1/6Lu3Z/XGtdFPWU4gmM4BR8uoQF30IQWYJDwAq/w5jw7786H8zkbLTnFziHMwfn6Bel6mAc=</latexit>
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Lappr

<latexit sha1_base64="oFftXNOmMJIqRKAq/tEwSMCsVzs=">AAACEHicbVDLSsNAFJ34rPUVdeHCzWARXJVEFF1JQRduhAr2AU0IN9NJO3QmCTMToYT8hL/gVvfuxK1/4NYvMU2zsK0HLhzOuZd77/FjzpS2rG9jaXlldW29slHd3Nre2TX39tsqSiShLRLxSHZ9UJSzkLY005x2Y0lB+Jx2/NHNxO88UalYFD7qcUxdAYOQBYyAziXPPHSaQ+alzi3lGrADPB6Cd59VPbNm1a0CeJHYJamhEk3P/HH6EUkEDTXhoFTPtmLtpiA1I5xmVSdRNAYyggHt5TQEQZWbFg9k+CRX+jiIZF6hxoX6dyIFodRY+HmnAD1U895E/M/rJTq4clMWxommIZkuChKOdYQnaeA+k5RoPs4JEMnyWzEZggSi88xmtviiCMWej2CRtM/q9kXdejivNa7LeCroCB2jU2SjS9RAd6iJWoigDL2gV/RmPBvvxofxOW1dMsqZAzQD4+sXgXqciQ==</latexit>

��↵M

<latexit sha1_base64="d6RyMCvjANd3zvo1WLmrr54fcM8=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF1JwY0LFxXsA5pQJtNJO3TyYOZGLCH+hL/gVvfuxK1f4NYvcdJmYVsPXDiccy/33uPFgiuwrG+jtLS8srpWXq9sbG5t75i7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdF17rcfmFQ8Cu9hHDM3IIOQ+5wS0FLPPHACAkPPT2+zXuoAe4SUxLHMsp5ZtWrWBHiR2AWpogKNnvnj9COaBCwEKohSXduKwU2JBE4FyypOolhM6IgMWFfTkARMuenkgwwfa6WP/UjqCgFP1L8TKQmUGgee7szvVfNeLv7ndRPwL92Uh3ECLKTTRX4iMEQ4jwP3uWQUxFgTQiXXt2I6JJJQ0KHNbPGCrKJDsecjWCSt05p9XrPuzqr1qyKeMjpER+gE2egC1dENaqAmougJvaBX9GY8G+/Gh/E5bS0Zxcw+moHx9Qu0fJ52</latexit>

Lappr

 Multi-task Curriculum Learning

<latexit sha1_base64="zBrczWJ/xEVa1NVNKXun8BVdy0A=">AAACC3icbVDLSsNAFJ3UV62vWJdugkVwVRJRdFnQhcsK9gFtCDfTSTt0ZhJmJmIJ+QR/wa3u3YlbP8KtX+K0zcK2HrhwOOdezuWECaNKu+63VVpb39jcKm9Xdnb39g/sw2pbxanEpIVjFstuCIowKkhLU81IN5EEeMhIJxzfTP3OI5GKxuJBTxLicxgKGlEM2kiBXW0HWf+WMA19YMkIAp4Hds2tuzM4q8QrSA0VaAb2T38Q45QToTEDpXqem2g/A6kpZiSv9FNFEsBjGJKeoQI4UX42+z13To0ycKJYmhHamal/LzLgSk14aDY56JFa9qbif14v1dG1n1GRpJoIPA+KUubo2JkW4QyoJFiziSGAJTW/OngEErA2dS2khDyvmFK85QpWSfu87l3W3fuLWqNR1FNGx+gEnSEPXaEGukNN1EIYPaEX9IrerGfr3fqwPuerJau4OUILsL5+AcLemyg=</latexit>

V�↵m

<latexit sha1_base64="YGoVYLsICV0V5xD/wk26u7BCq8g=">AAAB+HicbVA9TwJBEJ3DL8Qv1NJmIzGxIndGoyWJjSUkHpDAhewtc7Bh9+6yu2eChF9gq72dsfXf2PpLXOAKAV8yyct7M5mZF6aCa+O6305hY3Nre6e4W9rbPzg8Kh+fNHWSKYY+S0Si2iHVKHiMvuFGYDtVSGUosBWO7md+6wmV5kn8aMYpBpIOYh5xRo2VGn6vXHGr7hxknXg5qUCOeq/80+0nLJMYGyao1h3PTU0wocpwJnBa6mYaU8pGdIAdS2MqUQeT+aFTcmGVPokSZSs2ZK7+nZhQqfVYhrZTUjPUq95M/M/rZCa6CyY8TjODMVssijJBTEJmX5M+V8iMGFtCmeL2VsKGVFFmbDZLW0I5LdlQvNUI1knzqurdVN3GdaVWy+MpwhmcwyV4cAs1eIA6+MAA4QVe4c15dt6dD+dz0Vpw8plTWILz9QveAZOB</latexit>

U

<latexit sha1_base64="peCF+zEGdB4O0TvYLOoERTT6eMc=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0TJgYxnBfEByhL3NXLJmd+/Y3RPCEfwLttrbia2/xdZf4ia5wiQ+GHi8N8PMvDDhTBvP+3YKa+sbm1vF7dLO7t7+QfnwqKnjVFFs0JjHqh0SjZxJbBhmOLYThUSEHFvh6Hbqt55QaRbLBzNOMBBkIFnEKDFWanbRkJ7fK1e8qjeDu0r8nFQgR71X/un2Y5oKlIZyonXH9xITZEQZRjlOSt1UY0LoiAywY6kkAnWQza6duGdW6btRrGxJ487UvxMZEVqPRWg7BTFDvexNxf+8TmqimyBjMkkNSjpfFKXcNbE7fd3tM4XU8LElhCpmb3XpkChCjQ1oYUsoJiUbir8cwSppXlT9q6p3f1mpXebxFOEETuEcfLiGGtxBHRpA4RFe4BXenGfn3flwPuetBSefOYYFOF+/dyqVeA==</latexit>⌘1

<latexit sha1_base64="s9M4btqHJGWTRP8axP7IwAXME8c=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ConYBG8sI5gOSI+xt5pI1u3fH7p4QQvAv2GpvJ7b+Flt/iZvkCpP4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo4aOU8WwzmIRq1ZANQoeYd1wI7CVKKQyENgMhrdTv/mESvM4ejCjBH1J+xEPOaPGSo0OGtqtdIslt+zOQFaJl5ESZKh1iz+dXsxSiZFhgmrd9tzE+GOqDGcCJ4VOqjGhbEj72LY0ohK1P55dOyFnVumRMFa2IkNm6t+JMZVaj2RgOyU1A73sTcX/vHZqwmt/zKMkNRix+aIwFcTEZPo66XGFzIiRJZQpbm8lbEAVZcYGtLAlkJOCDcVbjmCVNCpl77Ls3l+UqjdZPHk4gVM4Bw+uoAp3UIM6MHiEF3iFN+fZeXc+nM95a87JZo5hAc7XL3o/lX4=</latexit>⌘2

<latexit sha1_base64="BmWlmnGpXSKzMrXMbuI9eHczX60=">AAAB/XicbVA9SwNBEJ3zM8avqKXNYhCswp0oahewsYxgPiA5wt5mL1mze3fszgnhCP4FW+3txNbfYusvcZNcYRIfDDzem2FmXpBIYdB1v52V1bX1jc3CVnF7Z3dvv3Rw2DBxqhmvs1jGuhVQw6WIeB0FSt5KNKcqkLwZDG8nfvOJayPi6AFHCfcV7UciFIyilRodjrSruqWyW3GnIMvEy0kZctS6pZ9OL2ap4hEySY1pe26CfkY1Cib5uNhJDU8oG9I+b1saUcWNn02vHZNTq/RIGGtbEZKp+ncio8qYkQpsp6I4MIveRPzPa6cYXvuZiJIUecRmi8JUEozJ5HXSE5ozlCNLKNPC3krYgGrK0AY0tyVQ46INxVuMYJk0ziveZcW9vyhXb/J4CnAMJ3AGHlxBFe6gBnVg8Agv8ApvzrPz7nw4n7PWFSefOYI5OF+/11uVuQ==</latexit>⌘m

<latexit sha1_base64="TxSP1Ktd+Akf1I+i1c1bFrZ2pnE=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjY0QwXxAcoS9zVyyZvfu2N0TQgj+BVvt7cTW32LrL3GTXGESHww83pthZl6QCK6N6347uZXVtfWN/GZha3tnd6+4f1DXcaoY1lgsYtUMqEbBI6wZbgQ2E4VUBgIbweBm4jeeUGkeRw9mmKAvaS/iIWfUWKneRkM7d51iyS27U5Bl4mWkBBmqneJPuxuzVGJkmKBatzw3Mf6IKsOZwHGhnWpMKBvQHrYsjahE7Y+m147JiVW6JIyVrciQqfp3YkSl1kMZ2E5JTV8vehPxP6+VmvDKH/EoSQ1GbLYoTAUxMZm8TrpcITNiaAllittbCetTRZmxAc1tCeS4YEPxFiNYJvWzsndRdu/PS5XrLJ48HMExnIIHl1CBW6hCDRg8wgu8wpvz7Lw7H87nrDXnZDOHMAfn6xek25WZ</latexit>⌘M

Encoder
<latexit sha1_base64="EEGDwR6lek1YrExTWyGgCk/yIXk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoseiF48V7Qe0sWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/naXlldW19cJGcXNre2e3tLffMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMbyZ+84lrI2L1gKOE+xHtKxEKRtFK9+HjabdUdivuFGSReDkpQ45at/TV6cUsjbhCJqkxbc9N0M+oRsEkHxc7qeEJZUPa521LFY248bPpqWNybJUeCWNtSyGZqr8nMhoZM4oC2xlRHJh5byL+57VTDK/8TKgkRa7YbFGYSoIxmfxNekJzhnJkCWVa2FsJG1BNGdp0ijYEb/7lRdI4q3gXFffuvFy9zuMowCEcwQl4cAlVuIUa1IFBH57hFd4c6bw4787HrHXJyWcO4A+czx/lZo2K</latexit>

f⇤
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3
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1

⇠

<latexit sha1_base64="r7EKEev7Gvuw3iUQEaid+16eTEE=">AAAB6nicbZDLSgMxFIbPeK21atWlIMEiuCozRVB3BTcuW7QXaIeSSTNtaJIZkoxYhi5dunGhiFsfos/hzmfwJUwvC239IfDx/+eQc04Qc6aN6345K6tr6xubma3sdm5ndy+/f1DXUaIIrZGIR6oZYE05k7RmmOG0GSuKRcBpIxhcT/LGPVWaRfLODGPqC9yTLGQEG2vdth9YJ19wi+5UaBm8ORTKuXH1+/F4XOnkP9vdiCSCSkM41rrlubHxU6wMI5yOsu1E0xiTAe7RlkWJBdV+Oh11hE6t00VhpOyTBk3d3x0pFloPRWArBTZ9vZhNzP+yVmLCSz9lMk4MlWT2UZhwZCI02Rt1maLE8KEFTBSzsyLSxwoTY6+TtUfwFldehnqp6J0Xr6peoVyCmTJwBCdwBh5cQBluoAI1INCDJ3iBV4c7z86b8z4rXXHmPYfwR87HDzKUkWk=</latexit>

1/n

<latexit sha1_base64="DP5IHH2VV3Bpw/OfB3yK3nyJvUY=">AAAB6nicbZDLSgMxFIbPeK31VuvSTbAIXdWZIqi7ghuXFe0FOkPJpJk2NJMMSUYoQx9BBBeKuPVJfAR3Poh708tCW38IfPz/OeScEyacaeO6X87K6tr6xmZuK7+9s7u3XzgoNrVMFaENIrlU7RBrypmgDcMMp+1EURyHnLbC4dUkb91TpZkUd2aU0CDGfcEiRrCx1q13KrqFkltxp0LL4M2hVCv65e+PR7/eLXz6PUnSmApDONa647mJCTKsDCOcjvN+qmmCyRD3aceiwDHVQTYddYxOrNNDkVT2CYOm7u+ODMdaj+LQVsbYDPRiNjH/yzqpiS6CjIkkNVSQ2UdRypGRaLI36jFFieEjC5goZmdFZIAVJsZeJ2+P4C2uvAzNasU7q1zeeKVaFWbKwREcQxk8OIcaXEMdGkCgDw/wDC8Od56cV+dtVrrizHsO4Y+c9x9ZyJDX</latexit>

1/n

<latexit sha1_base64="DP5IHH2VV3Bpw/OfB3yK3nyJvUY=">AAAB6nicbZDLSgMxFIbPeK31VuvSTbAIXdWZIqi7ghuXFe0FOkPJpJk2NJMMSUYoQx9BBBeKuPVJfAR3Poh708tCW38IfPz/OeScEyacaeO6X87K6tr6xmZuK7+9s7u3XzgoNrVMFaENIrlU7RBrypmgDcMMp+1EURyHnLbC4dUkb91TpZkUd2aU0CDGfcEiRrCx1q13KrqFkltxp0LL4M2hVCv65e+PR7/eLXz6PUnSmApDONa647mJCTKsDCOcjvN+qmmCyRD3aceiwDHVQTYddYxOrNNDkVT2CYOm7u+ODMdaj+LQVsbYDPRiNjH/yzqpiS6CjIkkNVSQ2UdRypGRaLI36jFFieEjC5goZmdFZIAVJsZeJ2+P4C2uvAzNasU7q1zeeKVaFWbKwREcQxk8OIcaXEMdGkCgDw/wDC8Od56cV+dtVrrizHsO4Y+c9x9ZyJDX</latexit>

1/n

<latexit sha1_base64="DP5IHH2VV3Bpw/OfB3yK3nyJvUY=">AAAB6nicbZDLSgMxFIbPeK31VuvSTbAIXdWZIqi7ghuXFe0FOkPJpJk2NJMMSUYoQx9BBBeKuPVJfAR3Poh708tCW38IfPz/OeScEyacaeO6X87K6tr6xmZuK7+9s7u3XzgoNrVMFaENIrlU7RBrypmgDcMMp+1EURyHnLbC4dUkb91TpZkUd2aU0CDGfcEiRrCx1q13KrqFkltxp0LL4M2hVCv65e+PR7/eLXz6PUnSmApDONa647mJCTKsDCOcjvN+qmmCyRD3aceiwDHVQTYddYxOrNNDkVT2CYOm7u+ODMdaj+LQVsbYDPRiNjH/yzqpiS6CjIkkNVSQ2UdRypGRaLI36jFFieEjC5goZmdFZIAVJsZeJ2+P4C2uvAzNasU7q1zeeKVaFWbKwREcQxk8OIcaXEMdGkCgDw/wDC8Od56cV+dtVrrizHsO4Y+c9x9ZyJDX</latexit>

1/n

<latexit sha1_base64="DP5IHH2VV3Bpw/OfB3yK3nyJvUY=">AAAB6nicbZDLSgMxFIbPeK31VuvSTbAIXdWZIqi7ghuXFe0FOkPJpJk2NJMMSUYoQx9BBBeKuPVJfAR3Poh708tCW38IfPz/OeScEyacaeO6X87K6tr6xmZuK7+9s7u3XzgoNrVMFaENIrlU7RBrypmgDcMMp+1EURyHnLbC4dUkb91TpZkUd2aU0CDGfcEiRrCx1q13KrqFkltxp0LL4M2hVCv65e+PR7/eLXz6PUnSmApDONa647mJCTKsDCOcjvN+qmmCyRD3aceiwDHVQTYddYxOrNNDkVT2CYOm7u+ODMdaj+LQVsbYDPRiNjH/yzqpiS6CjIkkNVSQ2UdRypGRaLI36jFFieEjC5goZmdFZIAVJsZeJ2+P4C2uvAzNasU7q1zeeKVaFWbKwREcQxk8OIcaXEMdGkCgDw/wDC8Od56cV+dtVrrizHsO4Y+c9x9ZyJDX</latexit>

3

2 4

1 <latexit sha1_base64="Qfj3BmA2V2/eQdPgQZ2zUPV8ZKw=">AAAB/XicbVA9SwNBEJ3zM8avqKXNYhCswp0oWgZtLCOYD0iOMLfZS9bs3h27e0I4gn/BVns7sfW32PpL3CRXmMQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOg4VZTVaSxi1QpQM8EjVjfcCNZKFEMZCNYMhrcTv/nElOZx9GBGCfMl9iMecorGSo0OimSA3VLZrbhTkGXi5aQMOWrd0k+nF9NUsshQgVq3PTcxfobKcCrYuNhJNUuQDrHP2pZGKJn2s+m1Y3JqlR4JY2UrMmSq/p3IUGo9koHtlGgGetGbiP957dSE137GoyQ1LKKzRWEqiInJ5HXS44pRI0aWIFXc3kroABVSYwOa2xLIcdGG4i1GsEwa5xXvsuLeX5SrN3k8BTiGEzgDD66gCndQgzpQeIQXeIU359l5dz6cz1nripPPHMEcnK9f2g+Vwg==</latexit>↵ <latexit sha1_base64="Qfj3BmA2V2/eQdPgQZ2zUPV8ZKw=">AAAB/XicbVA9SwNBEJ3zM8avqKXNYhCswp0oWgZtLCOYD0iOMLfZS9bs3h27e0I4gn/BVns7sfW32PpL3CRXmMQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOg4VZTVaSxi1QpQM8EjVjfcCNZKFEMZCNYMhrcTv/nElOZx9GBGCfMl9iMecorGSo0OimSA3VLZrbhTkGXi5aQMOWrd0k+nF9NUsshQgVq3PTcxfobKcCrYuNhJNUuQDrHP2pZGKJn2s+m1Y3JqlR4JY2UrMmSq/p3IUGo9koHtlGgGetGbiP957dSE137GoyQ1LKKzRWEqiInJ5HXS44pRI0aWIFXc3kroABVSYwOa2xLIcdGG4i1GsEwa5xXvsuLeX5SrN3k8BTiGEzgDD66gCndQgzpQeIQXeIU359l5dz6cz1nripPPHMEcnK9f2g+Vwg==</latexit>↵

<latexit sha1_base64="Qfj3BmA2V2/eQdPgQZ2zUPV8ZKw=">AAAB/XicbVA9SwNBEJ3zM8avqKXNYhCswp0oWgZtLCOYD0iOMLfZS9bs3h27e0I4gn/BVns7sfW32PpL3CRXmMQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOg4VZTVaSxi1QpQM8EjVjfcCNZKFEMZCNYMhrcTv/nElOZx9GBGCfMl9iMecorGSo0OimSA3VLZrbhTkGXi5aQMOWrd0k+nF9NUsshQgVq3PTcxfobKcCrYuNhJNUuQDrHP2pZGKJn2s+m1Y3JqlR4JY2UrMmSq/p3IUGo9koHtlGgGetGbiP957dSE137GoyQ1LKKzRWEqiInJ5HXS44pRI0aWIFXc3kroABVSYwOa2xLIcdGG4i1GsEwa5xXvsuLeX5SrN3k8BTiGEzgDD66gCndQgzpQeIQXeIU359l5dz6cz1nripPPHMEcnK9f2g+Vwg==</latexit>↵<latexit sha1_base64="Qfj3BmA2V2/eQdPgQZ2zUPV8ZKw=">AAAB/XicbVA9SwNBEJ3zM8avqKXNYhCswp0oWgZtLCOYD0iOMLfZS9bs3h27e0I4gn/BVns7sfW32PpL3CRXmMQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOg4VZTVaSxi1QpQM8EjVjfcCNZKFEMZCNYMhrcTv/nElOZx9GBGCfMl9iMecorGSo0OimSA3VLZrbhTkGXi5aQMOWrd0k+nF9NUsshQgVq3PTcxfobKcCrYuNhJNUuQDrHP2pZGKJn2s+m1Y3JqlR4JY2UrMmSq/p3IUGo9koHtlGgGetGbiP957dSE137GoyQ1LKKzRWEqiInJ5HXS44pRI0aWIFXc3kroABVSYwOa2xLIcdGG4i1GsEwa5xXvsuLeX5SrN3k8BTiGEzgDD66gCndQgzpQeIQXeIU359l5dz6cz1nripPPHMEcnK9f2g+Vwg==</latexit>↵

3

2 4

1

⇠

<latexit sha1_base64="r7EKEev7Gvuw3iUQEaid+16eTEE=">AAAB6nicbZDLSgMxFIbPeK21atWlIMEiuCozRVB3BTcuW7QXaIeSSTNtaJIZkoxYhi5dunGhiFsfos/hzmfwJUwvC239IfDx/+eQc04Qc6aN6345K6tr6xubma3sdm5ndy+/f1DXUaIIrZGIR6oZYE05k7RmmOG0GSuKRcBpIxhcT/LGPVWaRfLODGPqC9yTLGQEG2vdth9YJ19wi+5UaBm8ORTKuXH1+/F4XOnkP9vdiCSCSkM41rrlubHxU6wMI5yOsu1E0xiTAe7RlkWJBdV+Oh11hE6t00VhpOyTBk3d3x0pFloPRWArBTZ9vZhNzP+yVmLCSz9lMk4MlWT2UZhwZCI02Rt1maLE8KEFTBSzsyLSxwoTY6+TtUfwFldehnqp6J0Xr6peoVyCmTJwBCdwBh5cQBluoAI1INCDJ3iBV4c7z86b8z4rXXHmPYfwR87HDzKUkWk=</latexit>

1/n

<latexit sha1_base64="DP5IHH2VV3Bpw/OfB3yK3nyJvUY=">AAAB6nicbZDLSgMxFIbPeK31VuvSTbAIXdWZIqi7ghuXFe0FOkPJpJk2NJMMSUYoQx9BBBeKuPVJfAR3Poh708tCW38IfPz/OeScEyacaeO6X87K6tr6xmZuK7+9s7u3XzgoNrVMFaENIrlU7RBrypmgDcMMp+1EURyHnLbC4dUkb91TpZkUd2aU0CDGfcEiRrCx1q13KrqFkltxp0LL4M2hVCv65e+PR7/eLXz6PUnSmApDONa647mJCTKsDCOcjvN+qmmCyRD3aceiwDHVQTYddYxOrNNDkVT2CYOm7u+ODMdaj+LQVsbYDPRiNjH/yzqpiS6CjIkkNVSQ2UdRypGRaLI36jFFieEjC5goZmdFZIAVJsZeJ2+P4C2uvAzNasU7q1zeeKVaFWbKwREcQxk8OIcaXEMdGkCgDw/wDC8Od56cV+dtVrrizHsO4Y+c9x9ZyJDX</latexit>

1/n

<latexit sha1_base64="DP5IHH2VV3Bpw/OfB3yK3nyJvUY=">AAAB6nicbZDLSgMxFIbPeK31VuvSTbAIXdWZIqi7ghuXFe0FOkPJpJk2NJMMSUYoQx9BBBeKuPVJfAR3Poh708tCW38IfPz/OeScEyacaeO6X87K6tr6xmZuK7+9s7u3XzgoNrVMFaENIrlU7RBrypmgDcMMp+1EURyHnLbC4dUkb91TpZkUd2aU0CDGfcEiRrCx1q13KrqFkltxp0LL4M2hVCv65e+PR7/eLXz6PUnSmApDONa647mJCTKsDCOcjvN+qmmCyRD3aceiwDHVQTYddYxOrNNDkVT2CYOm7u+ODMdaj+LQVsbYDPRiNjH/yzqpiS6CjIkkNVSQ2UdRypGRaLI36jFFieEjC5goZmdFZIAVJsZeJ2+P4C2uvAzNasU7q1zeeKVaFWbKwREcQxk8OIcaXEMdGkCgDw/wDC8Od56cV+dtVrrizHsO4Y+c9x9ZyJDX</latexit>

1/n

<latexit sha1_base64="DP5IHH2VV3Bpw/OfB3yK3nyJvUY=">AAAB6nicbZDLSgMxFIbPeK31VuvSTbAIXdWZIqi7ghuXFe0FOkPJpJk2NJMMSUYoQx9BBBeKuPVJfAR3Poh708tCW38IfPz/OeScEyacaeO6X87K6tr6xmZuK7+9s7u3XzgoNrVMFaENIrlU7RBrypmgDcMMp+1EURyHnLbC4dUkb91TpZkUd2aU0CDGfcEiRrCx1q13KrqFkltxp0LL4M2hVCv65e+PR7/eLXz6PUnSmApDONa647mJCTKsDCOcjvN+qmmCyRD3aceiwDHVQTYddYxOrNNDkVT2CYOm7u+ODMdaj+LQVsbYDPRiNjH/yzqpiS6CjIkkNVSQ2UdRypGRaLI36jFFieEjC5goZmdFZIAVJsZeJ2+P4C2uvAzNasU7q1zeeKVaFWbKwREcQxk8OIcaXEMdGkCgDw/wDC8Od56cV+dtVrrizHsO4Y+c9x9ZyJDX</latexit>

1/n

<latexit sha1_base64="DP5IHH2VV3Bpw/OfB3yK3nyJvUY=">AAAB6nicbZDLSgMxFIbPeK31VuvSTbAIXdWZIqi7ghuXFe0FOkPJpJk2NJMMSUYoQx9BBBeKuPVJfAR3Poh708tCW38IfPz/OeScEyacaeO6X87K6tr6xmZuK7+9s7u3XzgoNrVMFaENIrlU7RBrypmgDcMMp+1EURyHnLbC4dUkb91TpZkUd2aU0CDGfcEiRrCx1q13KrqFkltxp0LL4M2hVCv65e+PR7/eLXz6PUnSmApDONa647mJCTKsDCOcjvN+qmmCyRD3aceiwDHVQTYddYxOrNNDkVT2CYOm7u+ODMdaj+LQVsbYDPRiNjH/yzqpiS6CjIkkNVSQ2UdRypGRaLI36jFFieEjC5goZmdFZIAVJsZeJ2+P4C2uvAzNasU7q1zeeKVaFWbKwREcQxk8OIcaXEMdGkCgDw/wDC8Od56cV+dtVrrizHsO4Y+c9x9ZyJDX</latexit>

<latexit sha1_base64="/HE1yW2R7fMBm6iT3SMSxl0WAKY=">AAACA3icbVC7SgNBFJ2NrxhfUUubwSBYhV1RtAzaWEYwD8gu4e7sbDJkdnaYmRXCktJfsNXeTmz9EFu/xEmyhUk8cOFwzr2cywklZ9q47rdTWlvf2Nwqb1d2dvf2D6qHR22dZorQFkl5qrohaMqZoC3DDKddqSgkIaedcHQ39TtPVGmWikczljRIYCBYzAgYK/m+YTyiPnA5hH615tbdGfAq8QpSQwWa/eqPH6UkS6gwhIPWPc+VJshBGUY4nVT8TFMJZAQD2rNUQEJ1kM9+nuAzq0Q4TpUdYfBM/XuRQ6L1OAntZgJmqJe9qfif18tMfBPkTMjMUEHmQXHGsUnxtAAcMUWJ4WNLgChmf8VkCAqIsTUtpITJpGJL8ZYrWCXti7p3VXcfLmuN26KeMjpBp+gceegaNdA9aqIWIkiiF/SK3pxn5935cD7nqyWnuDlGC3C+fgGiq5hs</latexit>

↵̃
<latexit sha1_base64="/HE1yW2R7fMBm6iT3SMSxl0WAKY=">AAACA3icbVC7SgNBFJ2NrxhfUUubwSBYhV1RtAzaWEYwD8gu4e7sbDJkdnaYmRXCktJfsNXeTmz9EFu/xEmyhUk8cOFwzr2cywklZ9q47rdTWlvf2Nwqb1d2dvf2D6qHR22dZorQFkl5qrohaMqZoC3DDKddqSgkIaedcHQ39TtPVGmWikczljRIYCBYzAgYK/m+YTyiPnA5hH615tbdGfAq8QpSQwWa/eqPH6UkS6gwhIPWPc+VJshBGUY4nVT8TFMJZAQD2rNUQEJ1kM9+nuAzq0Q4TpUdYfBM/XuRQ6L1OAntZgJmqJe9qfif18tMfBPkTMjMUEHmQXHGsUnxtAAcMUWJ4WNLgChmf8VkCAqIsTUtpITJpGJL8ZYrWCXti7p3VXcfLmuN26KeMjpBp+gceegaNdA9aqIWIkiiF/SK3pxn5935cD7nqyWnuDlGC3C+fgGiq5hs</latexit>

↵̃

<latexit sha1_base64="/HE1yW2R7fMBm6iT3SMSxl0WAKY=">AAACA3icbVC7SgNBFJ2NrxhfUUubwSBYhV1RtAzaWEYwD8gu4e7sbDJkdnaYmRXCktJfsNXeTmz9EFu/xEmyhUk8cOFwzr2cywklZ9q47rdTWlvf2Nwqb1d2dvf2D6qHR22dZorQFkl5qrohaMqZoC3DDKddqSgkIaedcHQ39TtPVGmWikczljRIYCBYzAgYK/m+YTyiPnA5hH615tbdGfAq8QpSQwWa/eqPH6UkS6gwhIPWPc+VJshBGUY4nVT8TFMJZAQD2rNUQEJ1kM9+nuAzq0Q4TpUdYfBM/XuRQ6L1OAntZgJmqJe9qfif18tMfBPkTMjMUEHmQXHGsUnxtAAcMUWJ4WNLgChmf8VkCAqIsTUtpITJpGJL8ZYrWCXti7p3VXcfLmuN26KeMjpBp+gceegaNdA9aqIWIkiiF/SK3pxn5935cD7nqyWnuDlGC3C+fgGiq5hs</latexit>

↵̃
<latexit sha1_base64="/HE1yW2R7fMBm6iT3SMSxl0WAKY=">AAACA3icbVC7SgNBFJ2NrxhfUUubwSBYhV1RtAzaWEYwD8gu4e7sbDJkdnaYmRXCktJfsNXeTmz9EFu/xEmyhUk8cOFwzr2cywklZ9q47rdTWlvf2Nwqb1d2dvf2D6qHR22dZorQFkl5qrohaMqZoC3DDKddqSgkIaedcHQ39TtPVGmWikczljRIYCBYzAgYK/m+YTyiPnA5hH615tbdGfAq8QpSQwWa/eqPH6UkS6gwhIPWPc+VJshBGUY4nVT8TFMJZAQD2rNUQEJ1kM9+nuAzq0Q4TpUdYfBM/XuRQ6L1OAntZgJmqJe9qfif18tMfBPkTMjMUEHmQXHGsUnxtAAcMUWJ4WNLgChmf8VkCAqIsTUtpITJpGJL8ZYrWCXti7p3VXcfLmuN26KeMjpBp+gceegaNdA9aqIWIkiiF/SK3pxn5935cD7nqyWnuDlGC3C+fgGiq5hs</latexit>

↵̃Add teleport 
probability              

Laplacian Perturbation
<latexit sha1_base64="6t7gXyqsOgC49LjEvZyR36jbv4U=">AAACHXicbZDLSgMxFIYz3q23qks3wSoIQpkRRTeCqAuXFewFOqWcSU/b0MyF5IxQSl/Al/AV3OrenbgVtz6JaTsLq/4Q+PKfczjJHyRKGnLdT2dmdm5+YXFpObeyura+kd/cqpg41QLLIlaxrgVgUMkIyyRJYS3RCGGgsBr0rkb16j1qI+PojvoJNkLoRLItBZC1mvk9n6RqIfdBJV3g5xkc+teoCLJbM19wi+5Y/C94GRRYplIz/+W3YpGGGJFQYEzdcxNqDECTFAqHOT81mIDoQQfrFiMI0TQG498M+b51Wrwda3si4mP358QAQmP6YWA7Q6Cu+V0bmf/V6im1zxoDGSUpYSQmi9qp4hTzUTS8JTUKUn0LILS0b+WiCxoE2QCntgThMGdD8X5H8BcqR0XvpOjeHhcuLrN4ltgO22UHzGOn7ILdsBIrM8Ee2BN7Zi/Oo/PqvDnvk9YZJ5vZZlNyPr4B6R2hfw==</latexit>

↵̃ = ↵+�↵

<latexit sha1_base64="DA//PZoe4feV3DX1BGs35/lTdD0=">AAACJXicbVDLSgNBEJz1GeMr6tHLYhAiSNgVRY9BD3rwEME8IBtC72TWDM7uDjO9Ylj2J/wJf8Gr3r2J4EnwS5w8DiaxoKGo6qa7y5eCa3ScL2tufmFxaTm3kl9dW9/YLGxt13WcKMpqNBaxavqgmeARqyFHwZpSMQh9wRr+/cXAbzwwpXkc3WJfsnYIdxEPOAU0Uqdw6IWAPT9Ir7NO6iF7xBSkVFlWGhoURHqZHXogZA8OOoWiU3aGsGeJOyZFMka1U/jxujFNQhYhFaB1y3UktlNQyKlgWd5LNJNA7+GOtQyNIGS6nQ6/yux9o3TtIFamIrSH6t+JFEKt+6FvOgen6mlvIP7ntRIMztopj2SCLKKjRUEibIztQUR2lytGUfQNAaq4udWmPVBA0QQ5scUPs7wJxZ2OYJbUj8ruSdm5OS5Wzsfx5Mgu2SMl4pJTUiFXpEpqhJIn8kJeyZv1bL1bH9bnqHXOGs/skAlY379D+6aW</latexit>

Lappr(G,↵)
<latexit sha1_base64="h2jtSpc8/RtL5Z981KpaJ4MMAZM="></latexit>

Lappr(G, ↵̃)

Approximate directed 
graph Laplacian

Original
<latexit sha1_base64="/Q1+FwUDa+aFFn0aFl/qjLQvu+k=">AAACAnicbVC7SgNBFL0bXzG+opY2i0GwCruiaBm00DKCiYHNEmYns8mQeSwzs0JY0vkLttrbia0/YuuXOJtsYRIPDBzOuZd75kQJo9p43rdTWlldW98ob1a2tnd296r7B20tU4VJC0smVSdCmjAqSMtQw0gnUQTxiJHHaHST+49PRGkqxYMZJyTkaCBoTDEyVgq6HJkhRiy7nfSqNa/uTeEuE78gNSjQ7FV/un2JU06EwQxpHfheYsIMKUMxI5NKN9UkQXiEBiSwVCBOdJhNI0/cE6v03Vgq+4Rxp+rfjQxxrcc8spN5RL3o5eJ/XpCa+CrMqEhSQwSeHYpT5hrp5v93+1QRbNjYEoQVtVldPEQKYWNbmrsS8UnFluIvVrBM2md1/6Lu3Z/XGtdFPWU4gmM4BR8uoQF30IQWYJDwAq/w5jw7786H8zkbLTnFziHMwfn6Bel6mAc=</latexit>

G

<latexit sha1_base64="Qfj3BmA2V2/eQdPgQZ2zUPV8ZKw=">AAAB/XicbVA9SwNBEJ3zM8avqKXNYhCswp0oWgZtLCOYD0iOMLfZS9bs3h27e0I4gn/BVns7sfW32PpL3CRXmMQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOg4VZTVaSxi1QpQM8EjVjfcCNZKFEMZCNYMhrcTv/nElOZx9GBGCfMl9iMecorGSo0OimSA3VLZrbhTkGXi5aQMOWrd0k+nF9NUsshQgVq3PTcxfobKcCrYuNhJNUuQDrHP2pZGKJn2s+m1Y3JqlR4JY2UrMmSq/p3IUGo9koHtlGgGetGbiP957dSE137GoyQ1LKKzRWEqiInJ5HXS44pRI0aWIFXc3kroABVSYwOa2xLIcdGG4i1GsEwa5xXvsuLeX5SrN3k8BTiGEzgDD66gCndQgzpQeIQXeIU359l5dz6cz1nripPPHMEcnK9f2g+Vwg==</latexit>↵

1. We first generate M different pairs of contrastive views by Laplacian perturbation. 

2. The different contrastive view pairs are then scored by a scoring function and mapped to different 

training paces by a pacing function. 

3. Finally, the arranged contrastive view pairs are input into a shared encoder to progressively learn the 

unsupervised graph representation with contrastive loss.

Directed Graph Data Augmentation

Multi-task Curriculum Learning

Laplacian Perturbation: changing the Laplacian 
matrix by varying the teleport probability.
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Utilizes prior knowledge about the difficulty of the learning 

tasks to learn from easy-to-difficult contrastive views.
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<latexit sha1_base64="aQJgf/40gaduJu0slBJFBg6oPxI=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiHjxWsLaQhrLZbtulm03YfRFK6M/w4kERr/4ab/4bN20O2jqwMMy8x86bMJHCoOt+O6WV1bX1jfJmZWt7Z3evun/waOJUM95isYx1J6SGS6F4CwVK3kk0p1EoeTsc3+R++4lrI2L1gJOEBxEdKjEQjKKV/G5EccSozG6nvWrNrbszkGXiFaQGBZq96le3H7M04gqZpMb4nptgkFGNgkk+rXRTwxPKxnTIfUsVjbgJslnkKTmxSp8MYm2fQjJTf29kNDJmEoV2Mo9oFr1c/M/zUxxcBZlQSYpcsflHg1QSjEl+P+kLzRnKiSWUaWGzEjaimjK0LVVsCd7iycvk8azuXdTd+/Na47qoowxHcAyn4MElNOAOmtACBjE8wyu8Oei8OO/Ox3y05BQ7h/AHzucPdi+RXg==</latexit> D

 Pacing Function
<latexit sha1_base64="tw+0S4S6G6RgWzd75cggQobaaUE=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRJRdFl047KCfUAbymQ6aYdOZsLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknTAQ36HnfTmltfWNzq7xd2dnd2z+oHh61jUo1ZS2qhNLdkBgmuGQt5ChYN9GMxKFgnXByl/udJ6YNV/IRpwkLYjKSPOKUoJV6/ZjgmBKRNWeDas2re3O4q8QvSA0KNAfVr/5Q0TRmEqkgxvR8L8EgIxo5FWxW6aeGJYROyIj1LJUkZibI5pFn7plVhm6ktH0S3bn6eyMjsTHTOLSTeUSz7OXif14vxegmyLhMUmSSLj6KUuGicvP73SHXjKKYWkKo5jarS8dEE4q2pYotwV8+eZW0L+r+Vd17uKw1bos6ynACp3AOPlxDA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8AiGuRag==</latexit>P

Difficulty

Pace

 Augmentation
<latexit sha1_base64="OACujG2oNqMjEJ0rPBSDKuBmND4=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKthbaUDbbTbN0dxN2N0IJ+Qte9e5NvPpjvPpL3LQ52NYHA4/3ZpiZFyScaeO6305lbX1jc6u6XdvZ3ds/qB8edXWcKkI7JOax6gVYU84k7RhmOO0limIRcPoUTO4K/+mZKs1i+WimCfUFHksWMoJNIQ3aERvWG27TnQGtEq8kDSjRHtZ/BqOYpIJKQzjWuu+5ifEzrAwjnOa1QappgskEj2nfUokF1X42uzVHZ1YZoTBWtqRBM/XvRIaF1lMR2E6BTaSXvUL8z+unJrzxMyaT1FBJ5ovClCMTo+JxNGKKEsOnlmCimL0VkQgrTIyNZ2FLIPKaDcVbjmCVdC+a3lXTfbhstG7LeKpwAqdwDh5cQwvuoQ0dIBDBC7zCm5M7786H8zlvrTjlzDEswPn6BSLmlMk=</latexit>

� Original
<latexit sha1_base64="/Q1+FwUDa+aFFn0aFl/qjLQvu+k=">AAACAnicbVC7SgNBFL0bXzG+opY2i0GwCruiaBm00DKCiYHNEmYns8mQeSwzs0JY0vkLttrbia0/YuuXOJtsYRIPDBzOuZd75kQJo9p43rdTWlldW98ob1a2tnd296r7B20tU4VJC0smVSdCmjAqSMtQw0gnUQTxiJHHaHST+49PRGkqxYMZJyTkaCBoTDEyVgq6HJkhRiy7nfSqNa/uTeEuE78gNSjQ7FV/un2JU06EwQxpHfheYsIMKUMxI5NKN9UkQXiEBiSwVCBOdJhNI0/cE6v03Vgq+4Rxp+rfjQxxrcc8spN5RL3o5eJ/XpCa+CrMqEhSQwSeHYpT5hrp5v93+1QRbNjYEoQVtVldPEQKYWNbmrsS8UnFluIvVrBM2md1/6Lu3Z/XGtdFPWU4gmM4BR8uoQF30IQWYJDwAq/w5jw7786H8zkbLTnFziHMwfn6Bel6mAc=</latexit>

G

<latexit sha1_base64="4NMUkv6+uc3Zb/mDRyY5WPGrEA0=">AAACD3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIoisp6MJlBfuAJoSb6aQZOnkwMxFKzEf4C251707c+glu/RKnbRa29cCFwzn3ci7HTzmTyrK+jaXlldW19cpGdXNre2fX3NtvyyQThLZIwhPR9UFSzmLaUkxx2k0FhcjntOMPb8Z+55EKyZL4QY1S6kYwiFnACCgteeah0wyZlzu3lCvADvA0BM8uPLNm1a0J8CKxS1JDJZqe+eP0E5JFNFaEg5Q920qVm4NQjHBaVJ1M0hTIEAa0p2kMEZVuPvm/wCda6eMgEXpihSfq34scIilHka83I1ChnPfG4n9eL1PBlZuzOM0Ujck0KMg4Vgkel4H7TFCi+EgTIILpXzEJQQBRurKZFD8qqroUe76CRdI+q9sXdev+vNa4LuupoCN0jE6RjS5RA92hJmohgp7QC3pFb8az8W58GJ/T1SWjvDlAMzC+fgEX4ZxZ</latexit>

��↵1

<latexit sha1_base64="sLWptF47dPDRsLmJZS2SfwSuIas=">AAACEHicbVDLSsNAFJ34rPUVdeHCzWARXJWkKLqSgi5cVrAPaEK4mU6aoZNJmJkIJfQn/AW3uncnbv0Dt36JaZqFbT1w4XDOvdx7j59wprRlfRsrq2vrG5uVrer2zu7evnlw2FFxKgltk5jHsueDopwJ2tZMc9pLJIXI57Trj26nfveJSsVi8ajHCXUjGAoWMAI6lzzz2GmFzMucO8o1YAd4EoLXmFQ9s2bVrQJ4mdglqaESLc/8cQYxSSMqNOGgVN+2Eu1mIDUjnE6qTqpoAmQEQ9rPqYCIKjcrHpjgs1wZ4CCWeQmNC/XvRAaRUuPIzzsj0KFa9Kbif14/1cG1mzGRpJoKMlsUpBzrGE/TwAMmKdF8nBMgkuW3YhKCBKLzzOa2+FERir0YwTLpNOr2Zd16uKg1b8p4KugEnaJzZKMr1ET3qIXaiKAJekGv6M14Nt6ND+Nz1rpilDNHaA7G1y9WqJxu</latexit>

��↵2

<latexit sha1_base64="EkjBW9wpiojq97fD/MwEReNqxRY=">AAACEHicbVDLSsNAFJ3UV62vqAsXbgaL4KokouhKCrpwWcE+oAnhZjpphk4mYWYilJCf8Bfc6t6duPUP3Polpm0WtvXAhcM593LvPX7CmdKW9W1UVlbX1jeqm7Wt7Z3dPXP/oKPiVBLaJjGPZc8HRTkTtK2Z5rSXSAqRz2nXH91O/O4TlYrF4lGPE+pGMBQsYAR0IXnmkdMKmZc5d5RrwA7wJAQvymueWbca1hR4mdglqaMSLc/8cQYxSSMqNOGgVN+2Eu1mIDUjnOY1J1U0ATKCIe0XVEBElZtNH8jxaaEMcBDLooTGU/XvRAaRUuPILzoj0KFa9Cbif14/1cG1mzGRpJoKMlsUpBzrGE/SwAMmKdF8XBAgkhW3YhKCBKKLzOa2+LNQ7MUIlknnvGFfNqyHi3rzpoynio7RCTpDNrpCTXSPWqiNCMrRC3pFb8az8W58GJ+z1opRzhyiORhfv7Q6nKk=</latexit>

��↵m

<latexit sha1_base64="oFftXNOmMJIqRKAq/tEwSMCsVzs=">AAACEHicbVDLSsNAFJ34rPUVdeHCzWARXJVEFF1JQRduhAr2AU0IN9NJO3QmCTMToYT8hL/gVvfuxK1/4NYvMU2zsK0HLhzOuZd77/FjzpS2rG9jaXlldW29slHd3Nre2TX39tsqSiShLRLxSHZ9UJSzkLY005x2Y0lB+Jx2/NHNxO88UalYFD7qcUxdAYOQBYyAziXPPHSaQ+alzi3lGrADPB6Cd59VPbNm1a0CeJHYJamhEk3P/HH6EUkEDTXhoFTPtmLtpiA1I5xmVSdRNAYyggHt5TQEQZWbFg9k+CRX+jiIZF6hxoX6dyIFodRY+HmnAD1U895E/M/rJTq4clMWxommIZkuChKOdYQnaeA+k5RoPs4JEMnyWzEZggSi88xmtviiCMWej2CRtM/q9kXdejivNa7LeCroCB2jU2SjS9RAd6iJWoigDL2gV/RmPBvvxofxOW1dMsqZAzQD4+sXgXqciQ==</latexit>

��↵M

<latexit sha1_base64="d6RyMCvjANd3zvo1WLmrr54fcM8=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF1JwY0LFxXsA5pQJtNJO3TyYOZGLCH+hL/gVvfuxK1f4NYvcdJmYVsPXDiccy/33uPFgiuwrG+jtLS8srpWXq9sbG5t75i7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdF17rcfmFQ8Cu9hHDM3IIOQ+5wS0FLPPHACAkPPT2+zXuoAe4SUxLHMsp5ZtWrWBHiR2AWpogKNnvnj9COaBCwEKohSXduKwU2JBE4FyypOolhM6IgMWFfTkARMuenkgwwfa6WP/UjqCgFP1L8TKQmUGgee7szvVfNeLv7ndRPwL92Uh3ECLKTTRX4iMEQ4jwP3uWQUxFgTQiXXt2I6JJJQ0KHNbPGCrKJDsecjWCSt05p9XrPuzqr1qyKeMjpER+gE2egC1dENaqAmougJvaBX9GY8G+/Gh/E5bS0Zxcw+moHx9Qu0fJ52</latexit>

Lappr

<latexit sha1_base64="d6RyMCvjANd3zvo1WLmrr54fcM8=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF1JwY0LFxXsA5pQJtNJO3TyYOZGLCH+hL/gVvfuxK1f4NYvcdJmYVsPXDiccy/33uPFgiuwrG+jtLS8srpWXq9sbG5t75i7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdF17rcfmFQ8Cu9hHDM3IIOQ+5wS0FLPPHACAkPPT2+zXuoAe4SUxLHMsp5ZtWrWBHiR2AWpogKNnvnj9COaBCwEKohSXduKwU2JBE4FyypOolhM6IgMWFfTkARMuenkgwwfa6WP/UjqCgFP1L8TKQmUGgee7szvVfNeLv7ndRPwL92Uh3ECLKTTRX4iMEQ4jwP3uWQUxFgTQiXXt2I6JJJQ0KHNbPGCrKJDsecjWCSt05p9XrPuzqr1qyKeMjpER+gE2egC1dENaqAmougJvaBX9GY8G+/Gh/E5bS0Zxcw+moHx9Qu0fJ52</latexit>

Lappr

<latexit sha1_base64="d6RyMCvjANd3zvo1WLmrr54fcM8=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF1JwY0LFxXsA5pQJtNJO3TyYOZGLCH+hL/gVvfuxK1f4NYvcdJmYVsPXDiccy/33uPFgiuwrG+jtLS8srpWXq9sbG5t75i7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdF17rcfmFQ8Cu9hHDM3IIOQ+5wS0FLPPHACAkPPT2+zXuoAe4SUxLHMsp5ZtWrWBHiR2AWpogKNnvnj9COaBCwEKohSXduKwU2JBE4FyypOolhM6IgMWFfTkARMuenkgwwfa6WP/UjqCgFP1L8TKQmUGgee7szvVfNeLv7ndRPwL92Uh3ECLKTTRX4iMEQ4jwP3uWQUxFgTQiXXt2I6JJJQ0KHNbPGCrKJDsecjWCSt05p9XrPuzqr1qyKeMjpER+gE2egC1dENaqAmougJvaBX9GY8G+/Gh/E5bS0Zxcw+moHx9Qu0fJ52</latexit>

Lappr

<latexit sha1_base64="d6RyMCvjANd3zvo1WLmrr54fcM8=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF1JwY0LFxXsA5pQJtNJO3TyYOZGLCH+hL/gVvfuxK1f4NYvcdJmYVsPXDiccy/33uPFgiuwrG+jtLS8srpWXq9sbG5t75i7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdF17rcfmFQ8Cu9hHDM3IIOQ+5wS0FLPPHACAkPPT2+zXuoAe4SUxLHMsp5ZtWrWBHiR2AWpogKNnvnj9COaBCwEKohSXduKwU2JBE4FyypOolhM6IgMWFfTkARMuenkgwwfa6WP/UjqCgFP1L8TKQmUGgee7szvVfNeLv7ndRPwL92Uh3ECLKTTRX4iMEQ4jwP3uWQUxFgTQiXXt2I6JJJQ0KHNbPGCrKJDsecjWCSt05p9XrPuzqr1qyKeMjpER+gE2egC1dENaqAmougJvaBX9GY8G+/Gh/E5bS0Zxcw+moHx9Qu0fJ52</latexit>

Lappr

<latexit sha1_base64="4NMUkv6+uc3Zb/mDRyY5WPGrEA0=">AAACD3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIoisp6MJlBfuAJoSb6aQZOnkwMxFKzEf4C251707c+glu/RKnbRa29cCFwzn3ci7HTzmTyrK+jaXlldW19cpGdXNre2fX3NtvyyQThLZIwhPR9UFSzmLaUkxx2k0FhcjntOMPb8Z+55EKyZL4QY1S6kYwiFnACCgteeah0wyZlzu3lCvADvA0BM8uPLNm1a0J8CKxS1JDJZqe+eP0E5JFNFaEg5Q920qVm4NQjHBaVJ1M0hTIEAa0p2kMEZVuPvm/wCda6eMgEXpihSfq34scIilHka83I1ChnPfG4n9eL1PBlZuzOM0Ujck0KMg4Vgkel4H7TFCi+EgTIILpXzEJQQBRurKZFD8qqroUe76CRdI+q9sXdev+vNa4LuupoCN0jE6RjS5RA92hJmohgp7QC3pFb8az8W58GJ/T1SWjvDlAMzC+fgEX4ZxZ</latexit>

��↵1

<latexit sha1_base64="d6RyMCvjANd3zvo1WLmrr54fcM8=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF1JwY0LFxXsA5pQJtNJO3TyYOZGLCH+hL/gVvfuxK1f4NYvcdJmYVsPXDiccy/33uPFgiuwrG+jtLS8srpWXq9sbG5t75i7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdF17rcfmFQ8Cu9hHDM3IIOQ+5wS0FLPPHACAkPPT2+zXuoAe4SUxLHMsp5ZtWrWBHiR2AWpogKNnvnj9COaBCwEKohSXduKwU2JBE4FyypOolhM6IgMWFfTkARMuenkgwwfa6WP/UjqCgFP1L8TKQmUGgee7szvVfNeLv7ndRPwL92Uh3ECLKTTRX4iMEQ4jwP3uWQUxFgTQiXXt2I6JJJQ0KHNbPGCrKJDsecjWCSt05p9XrPuzqr1qyKeMjpER+gE2egC1dENaqAmougJvaBX9GY8G+/Gh/E5bS0Zxcw+moHx9Qu0fJ52</latexit>

Lappr

<latexit sha1_base64="sLWptF47dPDRsLmJZS2SfwSuIas=">AAACEHicbVDLSsNAFJ34rPUVdeHCzWARXJWkKLqSgi5cVrAPaEK4mU6aoZNJmJkIJfQn/AW3uncnbv0Dt36JaZqFbT1w4XDOvdx7j59wprRlfRsrq2vrG5uVrer2zu7evnlw2FFxKgltk5jHsueDopwJ2tZMc9pLJIXI57Trj26nfveJSsVi8ajHCXUjGAoWMAI6lzzz2GmFzMucO8o1YAd4EoLXmFQ9s2bVrQJ4mdglqaESLc/8cQYxSSMqNOGgVN+2Eu1mIDUjnE6qTqpoAmQEQ9rPqYCIKjcrHpjgs1wZ4CCWeQmNC/XvRAaRUuPIzzsj0KFa9Kbif14/1cG1mzGRpJoKMlsUpBzrGE/TwAMmKdF8nBMgkuW3YhKCBKLzzOa2+FERir0YwTLpNOr2Zd16uKg1b8p4KugEnaJzZKMr1ET3qIXaiKAJekGv6M14Nt6ND+Nz1rpilDNHaA7G1y9WqJxu</latexit>

��↵2

<latexit sha1_base64="d6RyMCvjANd3zvo1WLmrr54fcM8=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF1JwY0LFxXsA5pQJtNJO3TyYOZGLCH+hL/gVvfuxK1f4NYvcdJmYVsPXDiccy/33uPFgiuwrG+jtLS8srpWXq9sbG5t75i7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdF17rcfmFQ8Cu9hHDM3IIOQ+5wS0FLPPHACAkPPT2+zXuoAe4SUxLHMsp5ZtWrWBHiR2AWpogKNnvnj9COaBCwEKohSXduKwU2JBE4FyypOolhM6IgMWFfTkARMuenkgwwfa6WP/UjqCgFP1L8TKQmUGgee7szvVfNeLv7ndRPwL92Uh3ECLKTTRX4iMEQ4jwP3uWQUxFgTQiXXt2I6JJJQ0KHNbPGCrKJDsecjWCSt05p9XrPuzqr1qyKeMjpER+gE2egC1dENaqAmougJvaBX9GY8G+/Gh/E5bS0Zxcw+moHx9Qu0fJ52</latexit>

Lappr

<latexit sha1_base64="EkjBW9wpiojq97fD/MwEReNqxRY=">AAACEHicbVDLSsNAFJ3UV62vqAsXbgaL4KokouhKCrpwWcE+oAnhZjpphk4mYWYilJCf8Bfc6t6duPUP3Polpm0WtvXAhcM593LvPX7CmdKW9W1UVlbX1jeqm7Wt7Z3dPXP/oKPiVBLaJjGPZc8HRTkTtK2Z5rSXSAqRz2nXH91O/O4TlYrF4lGPE+pGMBQsYAR0IXnmkdMKmZc5d5RrwA7wJAQvymueWbca1hR4mdglqaMSLc/8cQYxSSMqNOGgVN+2Eu1mIDUjnOY1J1U0ATKCIe0XVEBElZtNH8jxaaEMcBDLooTGU/XvRAaRUuPILzoj0KFa9Cbif14/1cG1mzGRpJoKMlsUpBzrGE/SwAMmKdF8XBAgkhW3YhKCBKKLzOa2+LNQ7MUIlknnvGFfNqyHi3rzpoynio7RCTpDNrpCTXSPWqiNCMrRC3pFb8az8W58GJ+z1opRzhyiORhfv7Q6nKk=</latexit>

��↵m

<latexit sha1_base64="d6RyMCvjANd3zvo1WLmrr54fcM8=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF1JwY0LFxXsA5pQJtNJO3TyYOZGLCH+hL/gVvfuxK1f4NYvcdJmYVsPXDiccy/33uPFgiuwrG+jtLS8srpWXq9sbG5t75i7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdF17rcfmFQ8Cu9hHDM3IIOQ+5wS0FLPPHACAkPPT2+zXuoAe4SUxLHMsp5ZtWrWBHiR2AWpogKNnvnj9COaBCwEKohSXduKwU2JBE4FyypOolhM6IgMWFfTkARMuenkgwwfa6WP/UjqCgFP1L8TKQmUGgee7szvVfNeLv7ndRPwL92Uh3ECLKTTRX4iMEQ4jwP3uWQUxFgTQiXXt2I6JJJQ0KHNbPGCrKJDsecjWCSt05p9XrPuzqr1qyKeMjpER+gE2egC1dENaqAmougJvaBX9GY8G+/Gh/E5bS0Zxcw+moHx9Qu0fJ52</latexit>

Lappr

<latexit sha1_base64="oFftXNOmMJIqRKAq/tEwSMCsVzs=">AAACEHicbVDLSsNAFJ34rPUVdeHCzWARXJVEFF1JQRduhAr2AU0IN9NJO3QmCTMToYT8hL/gVvfuxK1/4NYvMU2zsK0HLhzOuZd77/FjzpS2rG9jaXlldW29slHd3Nre2TX39tsqSiShLRLxSHZ9UJSzkLY005x2Y0lB+Jx2/NHNxO88UalYFD7qcUxdAYOQBYyAziXPPHSaQ+alzi3lGrADPB6Cd59VPbNm1a0CeJHYJamhEk3P/HH6EUkEDTXhoFTPtmLtpiA1I5xmVSdRNAYyggHt5TQEQZWbFg9k+CRX+jiIZF6hxoX6dyIFodRY+HmnAD1U895E/M/rJTq4clMWxommIZkuChKOdYQnaeA+k5RoPs4JEMnyWzEZggSi88xmtviiCMWej2CRtM/q9kXdejivNa7LeCroCB2jU2SjS9RAd6iJWoigDL2gV/RmPBvvxofxOW1dMsqZAzQD4+sXgXqciQ==</latexit>

��↵M

<latexit sha1_base64="d6RyMCvjANd3zvo1WLmrr54fcM8=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJVEFF1JwY0LFxXsA5pQJtNJO3TyYOZGLCH+hL/gVvfuxK1f4NYvcdJmYVsPXDiccy/33uPFgiuwrG+jtLS8srpWXq9sbG5t75i7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vdF17rcfmFQ8Cu9hHDM3IIOQ+5wS0FLPPHACAkPPT2+zXuoAe4SUxLHMsp5ZtWrWBHiR2AWpogKNnvnj9COaBCwEKohSXduKwU2JBE4FyypOolhM6IgMWFfTkARMuenkgwwfa6WP/UjqCgFP1L8TKQmUGgee7szvVfNeLv7ndRPwL92Uh3ECLKTTRX4iMEQ4jwP3uWQUxFgTQiXXt2I6JJJQ0KHNbPGCrKJDsecjWCSt05p9XrPuzqr1qyKeMjpER+gE2egC1dENaqAmougJvaBX9GY8G+/Gh/E5bS0Zxcw+moHx9Qu0fJ52</latexit>

Lappr

 Multi-task Curriculum Learning

<latexit sha1_base64="peCF+zEGdB4O0TvYLOoERTT6eMc=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0TJgYxnBfEByhL3NXLJmd+/Y3RPCEfwLttrbia2/xdZf4ia5wiQ+GHi8N8PMvDDhTBvP+3YKa+sbm1vF7dLO7t7+QfnwqKnjVFFs0JjHqh0SjZxJbBhmOLYThUSEHFvh6Hbqt55QaRbLBzNOMBBkIFnEKDFWanbRkJ7fK1e8qjeDu0r8nFQgR71X/un2Y5oKlIZyonXH9xITZEQZRjlOSt1UY0LoiAywY6kkAnWQza6duGdW6btRrGxJ487UvxMZEVqPRWg7BTFDvexNxf+8TmqimyBjMkkNSjpfFKXcNbE7fd3tM4XU8LElhCpmb3XpkChCjQ1oYUsoJiUbir8cwSppXlT9q6p3f1mpXebxFOEETuEcfLiGGtxBHRpA4RFe4BXenGfn3flwPuetBSefOYYFOF+/dyqVeA==</latexit>⌘1

<latexit sha1_base64="s9M4btqHJGWTRP8axP7IwAXME8c=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ConYBG8sI5gOSI+xt5pI1u3fH7p4QQvAv2GpvJ7b+Flt/iZvkCpP4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo4aOU8WwzmIRq1ZANQoeYd1wI7CVKKQyENgMhrdTv/mESvM4ejCjBH1J+xEPOaPGSo0OGtqtdIslt+zOQFaJl5ESZKh1iz+dXsxSiZFhgmrd9tzE+GOqDGcCJ4VOqjGhbEj72LY0ohK1P55dOyFnVumRMFa2IkNm6t+JMZVaj2RgOyU1A73sTcX/vHZqwmt/zKMkNRix+aIwFcTEZPo66XGFzIiRJZQpbm8lbEAVZcYGtLAlkJOCDcVbjmCVNCpl77Ls3l+UqjdZPHk4gVM4Bw+uoAp3UIM6MHiEF3iFN+fZeXc+nM95a87JZo5hAc7XL3o/lX4=</latexit>⌘2

<latexit sha1_base64="BmWlmnGpXSKzMrXMbuI9eHczX60=">AAAB/XicbVA9SwNBEJ3zM8avqKXNYhCswp0oahewsYxgPiA5wt5mL1mze3fszgnhCP4FW+3txNbfYusvcZNcYRIfDDzem2FmXpBIYdB1v52V1bX1jc3CVnF7Z3dvv3Rw2DBxqhmvs1jGuhVQw6WIeB0FSt5KNKcqkLwZDG8nfvOJayPi6AFHCfcV7UciFIyilRodjrSruqWyW3GnIMvEy0kZctS6pZ9OL2ap4hEySY1pe26CfkY1Cib5uNhJDU8oG9I+b1saUcWNn02vHZNTq/RIGGtbEZKp+ncio8qYkQpsp6I4MIveRPzPa6cYXvuZiJIUecRmi8JUEozJ5HXSE5ozlCNLKNPC3krYgGrK0AY0tyVQ46INxVuMYJk0ziveZcW9vyhXb/J4CnAMJ3AGHlxBFe6gBnVg8Agv8ApvzrPz7nw4n7PWFSefOYI5OF+/11uVuQ==</latexit>⌘m

<latexit sha1_base64="TxSP1Ktd+Akf1I+i1c1bFrZ2pnE=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjY0QwXxAcoS9zVyyZvfu2N0TQgj+BVvt7cTW32LrL3GTXGESHww83pthZl6QCK6N6347uZXVtfWN/GZha3tnd6+4f1DXcaoY1lgsYtUMqEbBI6wZbgQ2E4VUBgIbweBm4jeeUGkeRw9mmKAvaS/iIWfUWKneRkM7d51iyS27U5Bl4mWkBBmqneJPuxuzVGJkmKBatzw3Mf6IKsOZwHGhnWpMKBvQHrYsjahE7Y+m147JiVW6JIyVrciQqfp3YkSl1kMZ2E5JTV8vehPxP6+VmvDKH/EoSQ1GbLYoTAUxMZm8TrpcITNiaAllittbCetTRZmxAc1tCeS4YEPxFiNYJvWzsndRdu/PS5XrLJ48HMExnIIHl1CBW6hCDRg8wgu8wpvz7Lw7H87nrDXnZDOHMAfn6xek25WZ</latexit>⌘M

<latexit sha1_base64="RQanzF28NmNZ8f+pV+iK4sD0WMY=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7EoGXQxjKi+YDkCHt7e8mS3b1jd08IZ36CrfZ2YuufsfWXuEmuMIkPBh7vzTAzL0g408Z1v53C2vrG5lZxu7Szu7d/UD48auk4VYQ2Scxj1QmwppxJ2jTMcNpJFMUi4LQdjG6nfvuJKs1i+WjGCfUFHkgWMYKNlR7CvtcvV9yqOwNaJV5OKpCj0S//9MKYpIJKQzjWuuu5ifEzrAwjnE5KvVTTBJMRHtCupRILqv1sduoEnVklRFGsbEmDZurfiQwLrccisJ0Cm6Fe9qbif143NdG1nzGZpIZKMl8UpRyZGE3/RiFTlBg+tgQTxeytiAyxwsTYdBa2BGJSsqF4yxGsktZF1atV3fvLSv0mj6cIJ3AK5+DBFdThDhrQBAIDeIFXeHOenXfnw/mctxacfOYYFuB8/QIktpQ2</latexit>

d1

<latexit sha1_base64="UopAg0XK2nvr0qBVPdl7lAgqsTg=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ComXQxjKi+YDkCHt7e8mS3b1jd08IZ36CrfZ2YuufsfWXuEmuMIkPBh7vzTAzL0g408Z1v53C2vrG5lZxu7Szu7d/UD48auk4VYQ2Scxj1QmwppxJ2jTMcNpJFMUi4LQdjG6nfvuJKs1i+WjGCfUFHkgWMYKNlR7Cfq1frrhVdwa0SrycVCBHo1/+6YUxSQWVhnCsdddzE+NnWBlGOJ2UeqmmCSYjPKBdSyUWVPvZ7NQJOrNKiKJY2ZIGzdS/ExkWWo9FYDsFNkO97E3F/7xuaqJrP2MySQ2VZL4oSjkyMZr+jUKmKDF8bAkmitlbERlihYmx6SxsCcSkZEPxliNYJa1a1busuvcXlfpNHk8RTuAUzsGDK6jDHTSgCQQG8AKv8OY8O+/Oh/M5by04+cwxLMD5+gUmSpQ3</latexit>

d2

<latexit sha1_base64="c2ikXl5M9q/Xkt9I3pnii/+RVuY=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7EoGXQxjKi+YDkCHt7e8mS3b1jd08IZ36CrfZ2YuufsfWXuEmuMIkPBh7vzTAzL0g408Z1v53C2vrG5lZxu7Szu7d/UD48auk4VYQ2Scxj1QmwppxJ2jTMcNpJFMUi4LQdjG6nfvuJKs1i+WjGCfUFHkgWMYKNlR7CvuiXK27VnQGtEi8nFcjR6Jd/emFMUkGlIRxr3fXcxPgZVoYRTielXqppgskID2jXUokF1X42O3WCzqwSoihWtqRBM/XvRIaF1mMR2E6BzVAve1PxP6+bmujaz5hMUkMlmS+KUo5MjKZ/o5ApSgwfW4KJYvZWRIZYYWJsOgtbAjEp2VC85QhWSeui6tWq7v1lpX6Tx1OEEziFc/DgCupwBw1oAoEBvMArvDnPzrvz4XzOWwtOPnMMC3C+fgGDZpRy</latexit>

dm

<latexit sha1_base64="2RXUPQ9IBsys6EwsNZN+6T6HbAc=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYyNENB+QHGFvby9Zsrt37O4J4cxPsNXeTmz9M7b+EjfJFSbxwcDjvRlm5gUJZ9q47rdTWFldW98obpa2tnd298r7B00dp4rQBol5rNoB1pQzSRuGGU7biaJYBJy2guHNxG89UaVZLB/NKKG+wH3JIkawsdJD2LvrlStu1Z0CLRMvJxXIUe+Vf7phTFJBpSEca93x3MT4GVaGEU7HpW6qaYLJEPdpx1KJBdV+Nj11jE6sEqIoVrakQVP170SGhdYjEdhOgc1AL3oT8T+vk5roys+YTFJDJZktilKOTIwmf6OQKUoMH1mCiWL2VkQGWGFibDpzWwIxLtlQvMUIlknzrOpdVN3780rtOo+nCEdwDKfgwSXU4Bbq0AACfXiBV3hznp1358P5nLUWnHzmEObgfP0CUOaUUg==</latexit>

dM


