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Pros of Specialization

• Faster — trains on 100 sentences per second


• Better generalization — few parameters, so 
harder to overfit. 
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Information Bottleneck 
Objective

<latexit sha1_base64="kYRHZHLjZNGcdJJ8fzz1B1WFV0E=">AAACEnicbVA9SwNBEN2LXzF+RS1tFoOgTbgTQcugjWUE8wFJOPb2JsmSvb1jd04MR/wLNv4VGwtFbK3s/DduPgpNfDDweG+GmXlBIoVB1/12ckvLK6tr+fXCxubW9k5xd69u4lRzqPFYxroZMANSKKihQAnNRAOLAgmNYHA19ht3oI2I1S0OE+hErKdEV3CGVvKLJ+1UhaADzThkD4sY+W2Ee8xG1C+W3LI7AV0k3oyUyAxVv/jVDmOeRqCQS2ZMy3MT7GRMo+ASRoV2aiBhfMB60LJUsQhMJ5u8NKJHVglpN9a2FNKJ+nsiY5ExwyiwnRHDvpn3xuJ/XivF7kUnEypJERSfLuqmkmJMx/nQUGjgKIeWMK6FvZXyPrPxoE2xYEPw5l9eJPXTsueWvZuzUuVyFkeeHJBDckw8ck4q5JpUSY1w8kieySt5c56cF+fd+Zi25pzZzD75A+fzB8FJoKY=</latexit>

mutual information between  
dependency parses  

and specialized representation. 

<latexit sha1_base64="kYRHZHLjZNGcdJJ8fzz1B1WFV0E=">AAACEnicbVA9SwNBEN2LXzF+RS1tFoOgTbgTQcugjWUE8wFJOPb2JsmSvb1jd04MR/wLNv4VGwtFbK3s/DduPgpNfDDweG+GmXlBIoVB1/12ckvLK6tr+fXCxubW9k5xd69u4lRzqPFYxroZMANSKKihQAnNRAOLAgmNYHA19ht3oI2I1S0OE+hErKdEV3CGVvKLJ+1UhaADzThkD4sY+W2Ee8xG1C+W3LI7AV0k3oyUyAxVv/jVDmOeRqCQS2ZMy3MT7GRMo+ASRoV2aiBhfMB60LJUsQhMJ5u8NKJHVglpN9a2FNKJ+nsiY5ExwyiwnRHDvpn3xuJ/XivF7kUnEypJERSfLuqmkmJMx/nQUGjgKIeWMK6FvZXyPrPxoE2xYEPw5l9eJPXTsueWvZuzUuVyFkeeHJBDckw8ck4q5JpUSY1w8kieySt5c56cF+fd+Zi25pzZzD75A+fzB8FJoKY=</latexit>

mutual information between  
pre-trained ELMo embeddings  
and specialized representation. 
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<latexit sha1_base64="8o3Q1wkU5XjlSFqJq6i9C4sF/NQ=">AAACBHicbVDLSgMxFM34rPU16rKbYBHqpsyIoOCm6EZ3FewD2qFk0kwbmskMyR2xDC248VfcuFDErR/hzr8xbWehrQcu93DOvST3+LHgGhzn21paXlldW89t5De3tnd27b39uo4SRVmNRiJSTZ9oJrhkNeAgWDNWjIS+YA1/cDXxG/dMaR7JOxjGzAtJT/KAUwJG6tiFNrAHSG9GpfEMF1kfH+OOXXTKzhR4kbgZKaIM1Y791e5GNAmZBCqI1i3XicFLiQJOBRvl24lmMaED0mMtQyUJmfbS6REjfGSULg4iZUoCnqq/N1ISaj0MfTMZEujreW8i/ue1EgjOvZTLOAEm6eyhIBEYIjxJBHe5YhTE0BBCFTd/xbRPFKFgcsubENz5kxdJ/aTsOmX39rRYucziyKECOkQl5KIzVEHXqIpqiKJH9Ixe0Zv1ZL1Y79bHbHTJynYO0B9Ynz9ZX5kp</latexit>

<latexit sha1_base64="TcWpcNhzNRCileyjycEFvE87fVs=">AAACIHicbZDJSgNBEIZ7XGPcoh69NAYhIoYZESJ4CXrRWwSzQCaEnk4ladKz0F0jhiG+iRdfxYsHRfSmT2NnETTxh4aPv6qort+LpNBo25/W3PzC4tJyaiW9ura+sZnZ2q7oMFYcyjyUoap5TIMUAZRRoIRapID5noSq17sY1qu3oLQIgxvsR9DwWScQbcEZGquZKRxRF+EOk6tB7n5GZz9wQOkhdT1ARl3eCpE2M1k7b49EZ8GZQJZMVGpmPtxWyGMfAuSSaV137AgbCVMouIRB2o01RIz3WAfqBgPmg24kowMHdN84LdoOlXkB0pH7eyJhvtZ93zOdPsOunq4Nzf9q9Rjbp41EBFGMEPDxonYsKYZ0mBZtCQUcZd8A40qYv1LeZYpxNJmmTQjO9MmzUDnOO3beuT7JFs8ncaTILtkjOeKQAimSS1IiZcLJA3kiL+TVerSerTfrfdw6Z01mdsgfWV/f9wukoQ==</latexit>

<latexit sha1_base64="RLLSERzqh2hdz2Ojr8wNE5KGF8k=">AAAB9XicbVC7SgNBFL3rM8ZX1NJmMAhWYVcEbYSgjYVFBPOAZA2zk5tkyOzsMjOrhCX/YWOhiK3/YuffOJtsoYkHBg7n3Ms9c4JYcG1c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjK4zv/mISvNI3ptxjH5IB5L3OaPGSg+dkJohoyK9nZBL0i2V3Yo7BVkkXk7KkKPWLX11ehFLQpSGCap123Nj46dUGc4EToqdRGNM2YgOsG2ppCFqP52mnpBjq/RIP1L2SUOm6u+NlIZaj8PATmYp9byXif957cT0L/yUyzgxKNnsUD8RxEQkq4D0uEJmxNgSyhS3WQkbUkWZsUUVbQne/JcXSeO04rkV7+6sXL3K6yjAIRzBCXhwDlW4gRrUgYGCZ3iFN+fJeXHenY/Z6JKT7xzAHzifP7thkf0=</latexit>

bigger
<latexit sha1_base64="mIDukEVP9ENlMUwSXqos5laB9xM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt2kw27E6GE/gcvHhTx6v/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61jUo14y2mpNLdgBouRcxbKFDybqI5jQLJO8HkNvc7T1wboeIHnCbcj+goFqFgFK3U7gccaWVQrbl1dw6ySryC1KBAc1D96g8VSyMeI5PUmJ7nJuhnVKNgks8q/dTwhLIJHfGepTGNuPGz+bUzcmaVIQmVthUjmau/JzIaGTONAtsZURybZS8X//N6KYbXfibiJEUes8WiMJUEFclfJ0OhOUM5tYQyLeythI2ppgxtQHkI3vLLq6R9Uffcund/WWvcFHGU4QRO4Rw8uIIG3EETWsDgEZ7hFd4c5bw4787HorXkFDPH8AfO5w/54o64</latexit>

more compression 
make Oscar happy

discard more information

—

keep more syntactic information
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<latexit sha1_base64="8o3Q1wkU5XjlSFqJq6i9C4sF/NQ=">AAACBHicbVDLSgMxFM34rPU16rKbYBHqpsyIoOCm6EZ3FewD2qFk0kwbmskMyR2xDC248VfcuFDErR/hzr8xbWehrQcu93DOvST3+LHgGhzn21paXlldW89t5De3tnd27b39uo4SRVmNRiJSTZ9oJrhkNeAgWDNWjIS+YA1/cDXxG/dMaR7JOxjGzAtJT/KAUwJG6tiFNrAHSG9GpfEMF1kfH+OOXXTKzhR4kbgZKaIM1Y791e5GNAmZBCqI1i3XicFLiQJOBRvl24lmMaED0mMtQyUJmfbS6REjfGSULg4iZUoCnqq/N1ISaj0MfTMZEujreW8i/ue1EgjOvZTLOAEm6eyhIBEYIjxJBHe5YhTE0BBCFTd/xbRPFKFgcsubENz5kxdJ/aTsOmX39rRYucziyKECOkQl5KIzVEHXqIpqiKJH9Ixe0Zv1ZL1Y79bHbHTJynYO0B9Ynz9ZX5kp</latexit>

<latexit sha1_base64="TcWpcNhzNRCileyjycEFvE87fVs=">AAACIHicbZDJSgNBEIZ7XGPcoh69NAYhIoYZESJ4CXrRWwSzQCaEnk4ladKz0F0jhiG+iRdfxYsHRfSmT2NnETTxh4aPv6qort+LpNBo25/W3PzC4tJyaiW9ura+sZnZ2q7oMFYcyjyUoap5TIMUAZRRoIRapID5noSq17sY1qu3oLQIgxvsR9DwWScQbcEZGquZKRxRF+EOk6tB7n5GZz9wQOkhdT1ARl3eCpE2M1k7b49EZ8GZQJZMVGpmPtxWyGMfAuSSaV137AgbCVMouIRB2o01RIz3WAfqBgPmg24kowMHdN84LdoOlXkB0pH7eyJhvtZ93zOdPsOunq4Nzf9q9Rjbp41EBFGMEPDxonYsKYZ0mBZtCQUcZd8A40qYv1LeZYpxNJmmTQjO9MmzUDnOO3beuT7JFs8ncaTILtkjOeKQAimSS1IiZcLJA3kiL+TVerSerTfrfdw6Z01mdsgfWV/f9wukoQ==</latexit>

<latexit sha1_base64="RLLSERzqh2hdz2Ojr8wNE5KGF8k=">AAAB9XicbVC7SgNBFL3rM8ZX1NJmMAhWYVcEbYSgjYVFBPOAZA2zk5tkyOzsMjOrhCX/YWOhiK3/YuffOJtsoYkHBg7n3Ms9c4JYcG1c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjK4zv/mISvNI3ptxjH5IB5L3OaPGSg+dkJohoyK9nZBL0i2V3Yo7BVkkXk7KkKPWLX11ehFLQpSGCap123Nj46dUGc4EToqdRGNM2YgOsG2ppCFqP52mnpBjq/RIP1L2SUOm6u+NlIZaj8PATmYp9byXif957cT0L/yUyzgxKNnsUD8RxEQkq4D0uEJmxNgSyhS3WQkbUkWZsUUVbQne/JcXSeO04rkV7+6sXL3K6yjAIRzBCXhwDlW4gRrUgYGCZ3iFN+fJeXHenY/Z6JKT7xzAHzifP7thkf0=</latexit>

<latexit sha1_base64="/vFG+FA1j19cbxyF7BOcqjOK2wA=">AAACG3icbZBLSwMxFIUz9VXra9Slm2AR6sIyUwRdFt10WcE+oFNKJpNpQzMPkjtiGervcONfceNCEVeCC/+NaTsFbT0QOHznhuQeNxZcgWV9G7mV1bX1jfxmYWt7Z3fP3D9oqiiRlDVoJCLZdoligoesARwEa8eSkcAVrOUOryd5645JxaPwFkYx6wakH3KfUwIa9cyKA+we0toYlx5mOsVneA7nDDsB93AW98yiVbamwsvGzkwRZar3zE/Hi2gSsBCoIEp1bCuGbkokcCrYuOAkisWEDkmfdbQNScBUN53uNsYnmnjYj6Q+IeAp/X0jJYFSo8DVkwGBgVrMJvC/rJOAf9lNeRgnwEI6e8hPBIYIT4rCHpeMghhpQ6jk+q+YDogkFHSdBV2CvbjysmlWyrZVtm/Oi9WrrI48OkLHqIRsdIGqqIbqqIEoekTP6BW9GU/Gi/FufMxGc0Z25xD9kfH1A9EQoeA=</latexit>

constant
<latexit sha1_base64="ioBA9LKRp0pTux2grrKHbzG7VKo=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRaibkoigy6IblxXsBdpQJpNJO3QyCTMToYS68FXcuFDErY/hzrdx2mShrT8MfPznHM6c3084U9pxvq3Syura+kZ5s7K1vbO7Z+8ftFWcSkJbJOax7PpYUc4EbWmmOe0mkuLI57Tjj29m9c4DlYrF4l5PEupFeChYyAjWxhrYR0ntMRfqRyxAOZ+hgV116s5caBncAqpQqDmwv/pBTNKICk04VqrnOon2Miw1I5xOK/1U0QSTMR7SnkGBI6q8bH7AFJ0aJ0BhLM0TGs3d3xMZjpSaRL7pjLAeqcXazPyv1kt1eOVlTCSppoLki8KUIx2jWRooYJISzScGMJHM/BWREZaYaJNZxYTgLp68DO3zuuvU3buLauO6iKMMx3ACNXDhEhpwC01oAYEpPMMrvFlP1ov1bn3krSWrmDmEP7I+fwAPmJau</latexit>

need to know

<latexit sha1_base64="682R0uJyvcjoDxiWy4XOGFtGwrE=">AAACIHicbVDLSgMxFM34rPVVdekmWIR2U2ZEqMuiG0EXFewD2qFkMpk2NPMguSOWof0TN/6KGxeK6E6/xsy0grYeSDg5515u7nEiwRWY5qextLyyurae28hvbm3v7Bb29psqjCVlDRqKULYdopjgAWsAB8HakWTEdwRrOcOL1G/dMal4GNzCKGK2T/oB9zgloKVeodoFdg/J1fUYlzCOSpMUuOtzF2d0Up4+suvHL+Nyr1A0K2YGvEisGSmiGeq9wkfXDWnsswCoIEp1LDMCOyESOBVsnO/GikWEDkmfdTQNiM+UnWQLjvGxVlzshVKfAHCm/u5IiK/UyHd0pU9goOa9VPzP68TgndkJD6IYWECng7xYYAhxmhZ2uWQUxEgTQiXXf8V0QCShoDPN6xCs+ZUXSfOkYpkV6+a0WDufxZFDh+gIlZCFqqiGLlEdNRBFD+gJvaBX49F4Nt6M92npkjHrOUB/YHx9A/7nojY=</latexit>

need to know
<latexit sha1_base64="uZ1HGGpcnt6iKDtbOh2fWxAyD+E=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4NFqJuSiKDLohuXFewF2lAmk2k7dCYJMxOhhBZfxY0LRdz6HO58GydpFtr6w8DHf87hnPn9mDOlHefbWlldW9/YLG2Vt3d29/btg8OWihJJaJNEPJIdHyvKWUibmmlOO7GkWPictv3xbVZvP1KpWBQ+6ElMPYGHIRswgrWx+vZxXJ1lQj3BApTj7Bz17YpTc3KhZXALqEChRt/+6gURSQQNNeFYqa7rxNpLsdSMcDot9xJFY0zGeEi7BkMsqPLS/PwpOjNOgAaRNC/UKHd/T6RYKDURvukUWI/UYi0z/6t1Ez249lIWxommIZkvGiQc6QhlWaCASUo0nxjARDJzKyIjLDHRJrGyCcFd/PIytC5qrlNz7y8r9ZsijhKcwClUwYUrqMMdNKAJBFJ4hld4s56sF+vd+pi3rljFzBH8kfX5AzLQlZ4=</latexit>

<latexit sha1_base64="R8zyOik0pesPi0BfZsCB/yrdxfU=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbSbt0swm7G6GU+iu8eFDEq//Gm//GTZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm8xvPaLSPJb3ZpygH9GB5CFn1FjpIak8ZSBnpFcqu1V3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxp9QZTgTOC12U40JZSM6wI6lkkao/cns4ik5tUqfhLGyJQ2Zqb8nJjTSehwFtjOiZqgXvUz8z+ukJrzyJ1wmqUHJ5ovCVBATk+x90ucKmRFjSyhT3N5K2JAqyowNqWhD8BZfXibN86rnVr27i3LtOo+jAMdwAhXw4BJqcAt1aAADCc/wCm+Odl6cd+dj3rri5DNH8AfO5w/PQpBV</latexit>

and
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Decoder

Parser dobjsubj
det

punct

<latexit sha1_base64="ioBA9LKRp0pTux2grrKHbzG7VKo=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRaibkoigy6IblxXsBdpQJpNJO3QyCTMToYS68FXcuFDErY/hzrdx2mShrT8MfPznHM6c3084U9pxvq3Syura+kZ5s7K1vbO7Z+8ftFWcSkJbJOax7PpYUc4EbWmmOe0mkuLI57Tjj29m9c4DlYrF4l5PEupFeChYyAjWxhrYR0ntMRfqRyxAOZ+hgV116s5caBncAqpQqDmwv/pBTNKICk04VqrnOon2Miw1I5xOK/1U0QSTMR7SnkGBI6q8bH7AFJ0aJ0BhLM0TGs3d3xMZjpSaRL7pjLAeqcXazPyv1kt1eOVlTCSppoLki8KUIx2jWRooYJISzScGMJHM/BWREZaYaJNZxYTgLp68DO3zuuvU3buLauO6iKMMx3ACNXDhEhpwC01oAYEpPMMrvFlP1ov1bn3krSWrmDmEP7I+fwAPmJau</latexit>

Token Encoder

<latexit sha1_base64="uZ1HGGpcnt6iKDtbOh2fWxAyD+E=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4NFqJuSiKDLohuXFewF2lAmk2k7dCYJMxOhhBZfxY0LRdz6HO58GydpFtr6w8DHf87hnPn9mDOlHefbWlldW9/YLG2Vt3d29/btg8OWihJJaJNEPJIdHyvKWUibmmlOO7GkWPictv3xbVZvP1KpWBQ+6ElMPYGHIRswgrWx+vZxXJ1lQj3BApTj7Bz17YpTc3KhZXALqEChRt/+6gURSQQNNeFYqa7rxNpLsdSMcDot9xJFY0zGeEi7BkMsqPLS/PwpOjNOgAaRNC/UKHd/T6RYKDURvukUWI/UYi0z/6t1Ez249lIWxommIZkvGiQc6QhlWaCASUo0nxjARDJzKyIjLDHRJrGyCcFd/PIytC5qrlNz7y8r9ZsijhKcwClUwYUrqMMdNKAJBFJ4hld4s56sF+vd+pi3rljFzBH8kfX5AzLQlZ4=</latexit>
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ELMo Layer Decoder

Parser dobjsubj
det

punct

<latexit sha1_base64="ioBA9LKRp0pTux2grrKHbzG7VKo=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRaibkoigy6IblxXsBdpQJpNJO3QyCTMToYS68FXcuFDErY/hzrdx2mShrT8MfPznHM6c3084U9pxvq3Syura+kZ5s7K1vbO7Z+8ftFWcSkJbJOax7PpYUc4EbWmmOe0mkuLI57Tjj29m9c4DlYrF4l5PEupFeChYyAjWxhrYR0ntMRfqRyxAOZ+hgV116s5caBncAqpQqDmwv/pBTNKICk04VqrnOon2Miw1I5xOK/1U0QSTMR7SnkGBI6q8bH7AFJ0aJ0BhLM0TGs3d3xMZjpSaRL7pjLAeqcXazPyv1kt1eOVlTCSppoLki8KUIx2jWRooYJISzScGMJHM/BWREZaYaJNZxYTgLp68DO3zuuvU3buLauO6iKMMx3ACNXDhEhpwC01oAYEpPMMrvFlP1ov1bn3krSWrmDmEP7I+fwAPmJau</latexit>

Token Encoder

<latexit sha1_base64="uZ1HGGpcnt6iKDtbOh2fWxAyD+E=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4NFqJuSiKDLohuXFewF2lAmk2k7dCYJMxOhhBZfxY0LRdz6HO58GydpFtr6w8DHf87hnPn9mDOlHefbWlldW9/YLG2Vt3d29/btg8OWihJJaJNEPJIdHyvKWUibmmlOO7GkWPictv3xbVZvP1KpWBQ+6ElMPYGHIRswgrWx+vZxXJ1lQj3BApTj7Bz17YpTc3KhZXALqEChRt/+6gURSQQNNeFYqa7rxNpLsdSMcDot9xJFY0zGeEi7BkMsqPLS/PwpOjNOgAaRNC/UKHd/T6RYKDURvukUWI/UYi0z/6t1Ez249lIWxommIZkvGiQc6QhlWaCASUo0nxjARDJzKyIjLDHRJrGyCcFd/PIytC5qrlNz7y8r9ZsijhKcwClUwYUrqMMdNKAJBFJ4hld4s56sF+vd+pi3rljFzBH8kfX5AzLQlZ4=</latexit>
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ELMo 
Layer-1 PCA IB 

(stochastic)

CCA

one word token
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ELMo 
Layer-1 CCA IB 

(stochastic)

For some tokens, we 
need all 4 dimensionsone word token
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ELMo 
Layer-1 CCA IB 

(stochastic)

For some tokens, 
retaining less information 
does not hurt parsing. one word token
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ELMo 
Layer-1 CCA IB 

(stochastic)

Example: In English, we don’t care whether an 
object pronoun is singular or plural.

number:

accusative/ 
nominative:
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ELMo 
Layer-1

IB 
(stochastic)

<latexit sha1_base64="fj3IPfLY5gPjrulXuLI1LZK+gRQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpoJLKsFpz6+4CZJ14BalBgdaw+jUYRSxRXCOT1Nq+58bop9SgYJLPK4PE8piyKR3zfkY1Vdz66eLWObnIlBEJI5OVRrJQf0+kVFk7U0HWqShO7KqXi/95/QTDGz8VOk6Qa7ZcFCaSYETyx8lIGM5QzjJCmRHZrYRNqKEMs3jyELzVl9dJ56ruuXXv4brWvC3iKMMZnMMleNCAJtxDC9rAYALP8ApvjnJenHfnY9lacoqZU/gD5/MHkqyN6g==</latexit>

<latexit sha1_base64="Amcc2WotHzhALeYb90uhGTSoR14=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJJBkyM7vM9AphyUd48aCIV7/Hm3/jbLIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdop7+7tHxxWjo5bNk4N400Wy9h0Imq5FJo3UaDkncRwqiLJ29HkLvfbT9xYEetHnCY8VHSkxVAwik5q96wYKVruV6p+zZ+DrJKgIFUo0OhXvnqDmKWKa2SSWtsN/ATDjBoUTPJZuZdanlA2oSPedVRTxW2Yzc+dkXOnDMgwNq40krn6eyKjytqpilynoji2y14u/ud1UxzehJnQSYpcs8WiYSoJxiT/nQyE4Qzl1BHKjHC3EjamhjJ0CeUhBMsvr5LWZS3wa8HDVbV+W8RRglM4gwsI4BrqcA8NaAKDCTzDK7x5iffivXsfi9Y1r5g5gT/wPn8A0uKPNw==</latexit>one word token
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LAS

Information Kept

Worse 

EnglishCartoon
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Q: Is our specialization contextual?

A: YES, because we compress ELMo layer 1, which depends 
on the context. 



ELMo Embeddings

part-of-speech taggings

The  purchase price

Structured 
Prediction

Det  Noun Noun

31



ELMo Embeddings

The  purchase price

Structured 
Prediction

NP/NN NN/N NCCG taggings

32

part-of-speech taggings
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ELMo 
Layer-1 PCA

IB 
(stochastic)HMM

DET

ADJ

VERB

NOUN

…

Discrete Continuous
IB 

(stochastic)

0.05

0.1

0.5

0.35

0.0

Tag 1

Tag 2

Tag 3

Tag 4

0

0

1

0

0

one word token
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ELMo 
Layer-1

IB 
(stochastic)

Tag 1  0.05

Tag 2   0.1

Tag 3   0.7

Tag 4   0.15

Softmax

one word token
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sold

Olivander

the

wand

.

ELMo Layer Decoder

Parser dobjsubj
det

punct

<latexit sha1_base64="ioBA9LKRp0pTux2grrKHbzG7VKo=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRaibkoigy6IblxXsBdpQJpNJO3QyCTMToYS68FXcuFDErY/hzrdx2mShrT8MfPznHM6c3084U9pxvq3Syura+kZ5s7K1vbO7Z+8ftFWcSkJbJOax7PpYUc4EbWmmOe0mkuLI57Tjj29m9c4DlYrF4l5PEupFeChYyAjWxhrYR0ntMRfqRyxAOZ+hgV116s5caBncAqpQqDmwv/pBTNKICk04VqrnOon2Miw1I5xOK/1U0QSTMR7SnkGBI6q8bH7AFJ0aJ0BhLM0TGs3d3xMZjpSaRL7pjLAeqcXazPyv1kt1eOVlTCSppoLki8KUIx2jWRooYJISzScGMJHM/BWREZaYaJNZxYTgLp68DO3zuuvU3buLauO6iKMMx3ACNXDhEhpwC01oAYEpPMMrvFlP1ov1bn3krSWrmDmEP7I+fwAPmJau</latexit>

<latexit sha1_base64="uZ1HGGpcnt6iKDtbOh2fWxAyD+E=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4NFqJuSiKDLohuXFewF2lAmk2k7dCYJMxOhhBZfxY0LRdz6HO58GydpFtr6w8DHf87hnPn9mDOlHefbWlldW9/YLG2Vt3d29/btg8OWihJJaJNEPJIdHyvKWUibmmlOO7GkWPictv3xbVZvP1KpWBQ+6ElMPYGHIRswgrWx+vZxXJ1lQj3BApTj7Bz17YpTc3KhZXALqEChRt/+6gURSQQNNeFYqa7rxNpLsdSMcDot9xJFY0zGeEi7BkMsqPLS/PwpOjNOgAaRNC/UKHd/T6RYKDURvukUWI/UYi0z/6t1Ez249lIWxommIZkvGiQc6QhlWaCASUo0nxjARDJzKyIjLDHRJrGyCcFd/PIytC5qrlNz7y8r9ZsijhKcwClUwYUrqMMdNKAJBFJ4hld4s56sF+vd+pi3rljFzBH8kfX5AzLQlZ4=</latexit>

Token Encoder



Parser dobjsubj
det

punct

Decoder

36

the deep biaffine dependency parser (Dozat and Manning, 2016) 

Dependency Parsing
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sold

Olivander

the

wand

.

ELMo Layer Decoder

Parser dobjsubj
det

punct

Token Encoder

back-prop

threshing Sampling

reparametrization trick 
or Gumbel-softmax trick

randomized



Variational Upper Bound

• To minimize the IB objective directly, some terms are 
intractable.


•  


• So we instead minimize a variational upper bound.


• Which is what the previous slide estimated by sampling


• For mathematical details, please refer to our paper ;) 

38

<latexit sha1_base64="R8zyOik0pesPi0BfZsCB/yrdxfU=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbSbt0swm7G6GU+iu8eFDEq//Gm//GTZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm8xvPaLSPJb3ZpygH9GB5CFn1FjpIak8ZSBnpFcqu1V3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxp9QZTgTOC12U40JZSM6wI6lkkao/cns4ik5tUqfhLGyJQ2Zqb8nJjTSehwFtjOiZqgXvUz8z+ukJrzyJ1wmqUHJ5ovCVBATk+x90ucKmRFjSyhT3N5K2JAqyowNqWhD8BZfXibN86rnVr27i3LtOo+jAMdwAhXw4BJqcAt1aAADCc/wCm+Odl6cd+dj3rri5DNH8AfO5w/PQpBV</latexit>

<latexit sha1_base64="ioBA9LKRp0pTux2grrKHbzG7VKo=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRaibkoigy6IblxXsBdpQJpNJO3QyCTMToYS68FXcuFDErY/hzrdx2mShrT8MfPznHM6c3084U9pxvq3Syura+kZ5s7K1vbO7Z+8ftFWcSkJbJOax7PpYUc4EbWmmOe0mkuLI57Tjj29m9c4DlYrF4l5PEupFeChYyAjWxhrYR0ntMRfqRyxAOZ+hgV116s5caBncAqpQqDmwv/pBTNKICk04VqrnOon2Miw1I5xOK/1U0QSTMR7SnkGBI6q8bH7AFJ0aJ0BhLM0TGs3d3xMZjpSaRL7pjLAeqcXazPyv1kt1eOVlTCSppoLki8KUIx2jWRooYJISzScGMJHM/BWREZaYaJNZxYTgLp68DO3zuuvU3buLauO6iKMMx3ACNXDhEhpwC01oAYEpPMMrvFlP1ov1bn3krSWrmDmEP7I+fwAPmJau</latexit>

and



Do our specialized tags correlate with 
traditional POS tags?

Yes!

39



Results

40



What do specialized tags  
look like? [Continuous]

All Information 
 Kept

Moderate  
Compression

Too much  
Compression

41

LAS

Information Kept
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What our specialized  
tags look like? [Discrete]

ROOT

so,  usually, little, highly,
suddenly, truly…

his, my, its, your …

I, they, we, 
she …

them, me,
him …

yourself, himself, 
themself …, .  ;

? - )
…

from, with …

and, but, or,
nor …

story, president,
battles,…

launch, attach, proves, 
make,…

nervous, dead, true, …

superior, tough,
 loose, …

PUNCT

ADJ

NOUN

VERB

ADJ

PREP

CONJ

ADV

anaphors

poss (NOUN)

NOM (NOUN)

ACC (NOUN)
NOUN



Do our specialized tags correlate with POS 
tags?

Yes! 
Our results agree with the intuition that POS keeps information 
about parsing. 
POS is contextual. Our taggings are contextual as well !!!

WAIT!? The word type (without context) should also 
be a strong predictor of POS.  

How do we specialize so that we mostly depend on 
type information?

43



1. We could use ELMo Layer-0. 

2. We could do a softer version — make the specialized tagging 
depend “mostly” on its word type.

ELMo layer-0 is based on a character-level convolutional network. 
Thus, it inherently does not contain contextual information.  
Specializing is to extract from existing embeddings, which is also non-
contextual.

<latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit>

<latexit sha1_base64="qVGLCGt5ZS/93Z3TqWFCEafz1Xc=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBg4ZdEfQY9OIxgnlAEsLspDcZMju7zPRKliW/4sWDIl79EW/+jZPHQRMLGoqqbrq7/FgKg6777eTW1jc2t/LbhZ3dvf2D4mGpYaJEc6jzSEa65TMDUiioo0AJrVgDC30JTX90N/WbT6CNiNQjpjF0QzZQIhCcoZV6xVIHYYyZZCnoC/ecTgTtFctuxZ2BrhJvQcpkgVqv+NXpRzwJQSGXzJi258bYzZhGwSVMCp3EQMz4iA2gbaliIZhuNrt9Qk+t0qdBpG0ppDP190TGQmPS0LedIcOhWfam4n9eO8HgppsJFScIis8XBYmkGNFpELQvNHCUqSWMa2FvpXzINONo4yrYELzll1dJ47LiuRXv4apcvV3EkSfH5IScEY9ckyq5JzVSJ5yMyTN5JW/OxHlx3p2PeWvOWcwckT9wPn8AD+eTxw==</latexit>

<latexit sha1_base64="fbJ0moZkFvCaQp6s4K9QA8QMkCQ="></latexit>

<latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit>

44

<latexit sha1_base64="8o3Q1wkU5XjlSFqJq6i9C4sF/NQ=">AAACBHicbVDLSgMxFM34rPU16rKbYBHqpsyIoOCm6EZ3FewD2qFk0kwbmskMyR2xDC248VfcuFDErR/hzr8xbWehrQcu93DOvST3+LHgGhzn21paXlldW89t5De3tnd27b39uo4SRVmNRiJSTZ9oJrhkNeAgWDNWjIS+YA1/cDXxG/dMaR7JOxjGzAtJT/KAUwJG6tiFNrAHSG9GpfEMF1kfH+OOXXTKzhR4kbgZKaIM1Y791e5GNAmZBCqI1i3XicFLiQJOBRvl24lmMaED0mMtQyUJmfbS6REjfGSULg4iZUoCnqq/N1ISaj0MfTMZEujreW8i/ue1EgjOvZTLOAEm6eyhIBEYIjxJBHe5YhTE0BBCFTd/xbRPFKFgcsubENz5kxdJ/aTsOmX39rRYucziyKECOkQl5KIzVEHXqIpqiKJH9Ixe0Zv1ZL1Y79bHbHTJynYO0B9Ynz9ZX5kp</latexit>

<latexit sha1_base64="TcWpcNhzNRCileyjycEFvE87fVs=">AAACIHicbZDJSgNBEIZ7XGPcoh69NAYhIoYZESJ4CXrRWwSzQCaEnk4ladKz0F0jhiG+iRdfxYsHRfSmT2NnETTxh4aPv6qort+LpNBo25/W3PzC4tJyaiW9ura+sZnZ2q7oMFYcyjyUoap5TIMUAZRRoIRapID5noSq17sY1qu3oLQIgxvsR9DwWScQbcEZGquZKRxRF+EOk6tB7n5GZz9wQOkhdT1ARl3eCpE2M1k7b49EZ8GZQJZMVGpmPtxWyGMfAuSSaV137AgbCVMouIRB2o01RIz3WAfqBgPmg24kowMHdN84LdoOlXkB0pH7eyJhvtZ93zOdPsOunq4Nzf9q9Rjbp41EBFGMEPDxonYsKYZ0mBZtCQUcZd8A40qYv1LeZYpxNJmmTQjO9MmzUDnOO3beuT7JFs8ncaTILtkjOeKQAimSS1IiZcLJA3kiL+TVerSerTfrfdw6Z01mdsgfWV/f9wukoQ==</latexit>

<latexit sha1_base64="RLLSERzqh2hdz2Ojr8wNE5KGF8k=">AAAB9XicbVC7SgNBFL3rM8ZX1NJmMAhWYVcEbYSgjYVFBPOAZA2zk5tkyOzsMjOrhCX/YWOhiK3/YuffOJtsoYkHBg7n3Ms9c4JYcG1c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjK4zv/mISvNI3ptxjH5IB5L3OaPGSg+dkJohoyK9nZBL0i2V3Yo7BVkkXk7KkKPWLX11ehFLQpSGCap123Nj46dUGc4EToqdRGNM2YgOsG2ppCFqP52mnpBjq/RIP1L2SUOm6u+NlIZaj8PATmYp9byXif957cT0L/yUyzgxKNnsUD8RxEQkq4D0uEJmxNgSyhS3WQkbUkWZsUUVbQne/JcXSeO04rkV7+6sXL3K6yjAIRzBCXhwDlW4gRrUgYGCZ3iFN+fJeXHenY/Z6JKT7xzAHzifP7thkf0=</latexit>



Parsing Performance 
[continuous] 

45

ELMo
PCA

MLP
VIBc

0.81

0.823

0.835

0.848

0.86

ELMo :  train by 1024 dimensional 
ELMo-layer2


PCA :  train by 256 dimensional 
embeddings after applying PCA to 
ELMo-layer2


MLP: train a non-linear cleanup 
layer after the ELMo embeddings 
jointly with the parser.


VIBc: our method ;)English
Wins or ties across 9 languages. 
   1.0 point improvement on average ⇡<latexit sha1_base64="1q/1tZx1S5Cts5qr+pV12vBHIps=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FLx4r2A9ol5JNs21oNglJVixLf4QXD4p49fd489+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUw1oS0iudTdCBvKmaAtyyynXaUpTiJOO9HkNvc7j1QbJsWDnSoaJngkWMwItk7q9LFSWj4NqjW/7s+BVklQkBoUaA6qX/2hJGlChSUcG9MLfGXDDG vLCKezSj81VGEywSPac1TghJowm587Q2dOGaJYalfCorn6eyLDiTHTJHKdCbZjs+zl4n9eL7XxdZgxoVJLBVksilOOrET572jINCWWTx3BRDN3KyJjrDGxLqGKCyFYfnmVtC/qgV8P7i9rjZsijjKcwCmcQwBX0IA7aEILCEzgGV7hzVPei/fufSxaS14xcwx/4H3+AJNij7Y=</latexit><latexit sha1_base64="1q/1tZx1S5Cts5qr+pV12vBHIps=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FLx4r2A9ol5JNs21oNglJVixLf4QXD4p49fd489+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUw1oS0iudTdCBvKmaAtyyynXaUpTiJOO9HkNvc7j1QbJsWDnSoaJngkWMwItk7q9LFSWj4NqjW/7s+BVklQkBoUaA6qX/2hJGlChSUcG9MLfGXDDG vLCKezSj81VGEywSPac1TghJowm587Q2dOGaJYalfCorn6eyLDiTHTJHKdCbZjs+zl4n9eL7XxdZgxoVJLBVksilOOrET572jINCWWTx3BRDN3KyJjrDGxLqGKCyFYfnmVtC/qgV8P7i9rjZsijjKcwCmcQwBX0IA7aEILCEzgGV7hzVPei/fufSxaS14xcwx/4H3+AJNij7Y=</latexit><latexit sha1_base64="1q/1tZx1S5Cts5qr+pV12vBHIps=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FLx4r2A9ol5JNs21oNglJVixLf4QXD4p49fd489+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUw1oS0iudTdCBvKmaAtyyynXaUpTiJOO9HkNvc7j1QbJsWDnSoaJngkWMwItk7q9LFSWj4NqjW/7s+BVklQkBoUaA6qX/2hJGlChSUcG9MLfGXDDG vLCKezSj81VGEywSPac1TghJowm587Q2dOGaJYalfCorn6eyLDiTHTJHKdCbZjs+zl4n9eL7XxdZgxoVJLBVksilOOrET572jINCWWTx3BRDN3KyJjrDGxLqGKCyFYfnmVtC/qgV8P7i9rjZsijjKcwCmcQwBX0IA7aEILCEzgGV7hzVPei/fufSxaS14xcwx/4H3+AJNij7Y=</latexit><latexit sha1_base64="1q/1tZx1S5Cts5qr+pV12vBHIps=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FLx4r2A9ol5JNs21oNglJVixLf4QXD4p49fd489+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUw1oS0iudTdCBvKmaAtyyynXaUpTiJOO9HkNvc7j1QbJsWDnSoaJngkWMwItk7q9LFSWj4NqjW/7s+BVklQkBoUaA6qX/2hJGlChSUcG9MLfGXDDG vLCKezSj81VGEywSPac1TghJowm587Q2dOGaJYalfCorn6eyLDiTHTJHKdCbZjs+zl4n9eL7XxdZgxoVJLBVksilOOrET572jINCWWTx3BRDN3KyJjrDGxLqGKCyFYfnmVtC/qgV8P7i9rjZsijjKcwCmcQwBX0IA7aEILCEzgGV7hzVPei/fufSxaS14xcwx/4H3+AJNij7Y=</latexit>

LAS
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POS VIBd
0.7

0.713

0.725

0.738

0.75

Parsing Performance  
[discrete] 

POS: train the parser on 
gold POS tags 

VIBd: Our discrete 
version. 

LAS
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ELMo
PCA

MLP
VIBc

0.81

0.823

0.835

0.848

0.86

Parsing Performance 
[continuous] 

finetune

ELMo :  train by 1024 dimensional 
ELMo-layer2


PCA :  train by 256 dimensional 
embeddings after applying PCA to 
ELMo-layer2


MLP: train a non-linear cleanup 
layer after the ELMo embeddings 
jointly with the parser.


VIBc: our method ;)


finetune + mild hyperparameter 
tuning

English



Thanks
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