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• Reconstruct the speech stimuli from intracranial 
Electrocorticographic (ECoG) recordings. 

• Study the activity of cortical regions during hearing. 

• Decoding auditory stimulus from neural activity enables 

• neuroscience studies via model interpretation. 

• better understanding of how speech is processed in our brain. 

• neuroprosthetics for neurological conditions leading to loss of 
communication. 

• brain computer interface application.

Introduction  - auditory stimulus decoding 
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Introduction  - previous work  
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Stimulus Decoding 

• Linear models have been used to quantitatively demonstrate STG cortical representations [1].  

• provided a means to study how the STG area reacts to speech stimulus.  

• intelligibility of the recovered speech was limited. 

• WaveNet-like network for stimulus decoding from ECoG recordings in the STG area [2]. 

• obtained significant improvement over linear models 

[1] Brian N Pasley, et al., “Reconstructing speech from human auditory cortex,” PLoS Biology,  2012. 

[2] Ran Wang, et al., “Reconstructing speech stimuli from human auditory cortex activity using a WaveNet approach,”  IEEE SPMB, 2018.
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• Goal of this project 

• leverage deep learning to decode intelligible audio stimuli from ECoG 
recordings of the cortical regions including the STG area.  

• study the developed model to understand speech perception in cortical 
networks. 

• Major challenges 

• scarcity of the training data: limited ECoG and speech stimuli pairs. 

• variability of electrode density and placement across subjects 

• limited number of subjects and limited words per subject.

Introduction  -  in this talk
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• To overcome the challenges: 

• use available natural speech datasets. 

• use generative network and transfer learning ideas. 

• pre-train parts of a network using a large corpus of natural speech data. 

• Proposed methods are applicable when training data is limited.
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• Encoder maps an ECoG signal to a representation space with a prescribed 
distribution.  

• Generator constructs a spectrogram from the representation vector.  

• Vocoder converts the spectrogram to sound waveform. 

• Pre-train the generator and vocoder using large corpus of speech data.  

• Refine the encoder and generator using the paired ECoG and stimuli data. 
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• Generates a spectrogram of a spoken word.  

• Can be pre-trained on a larger corpus dataset.  

• Proposed structure is inspired by WaveNet [1]. 

• Different dilation rates allow filters to span small to large temporal duration.
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[1] Akira Tamamori, et al., “Speaker-dependent WaveNet vocoder,” Interspeech, 2017.
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• Pre-training: random vectors  follows an i.i.d. standard Gaussian 
distribution  

• Gaussian distribution since  

• encoder output distribution is not known ahead of time. 

• it maximizes the capacity of the representation space.

̂z
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• The encoder serves as a feature extractor that maps the ECoG signals to a 
representation vector.

• Initial layers use temporal filtering

• ECoG signal has less correlations between electrodes than across time. 
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<latexit sha1_base64="Oz+n+rq+CFbnzZS4YK/9geCs29A=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuCpJFXRZdNNlhd6gCWUynbRDJ5MwcyKU0JUbX8WNC0Xc+gzufBunbRba+sPAx3/O4cz5g0RwDY7zbRXW1jc2t4rbpZ3dvf0D+/CoreNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcY383qnQemNI9lEyYJ8yMylDzklICx+vapFypCs+Y0q0494BHTuI5z6OC+XXYqzlx4FdwcyihXo29/eYOYphGTQAXRuuc6CfgZUcCpYNOSl2qWEDomQ9YzKInZ42fzM6b43DgDHMbKPAl47v6eyEik9SQKTGdEYKSXazPzv1ovhfDGz7hMUmCSLhaFqcAQ41kmeMAVoyAmBghV3PwV0xExuYBJrmRCcJdPXoV2teJeVqr3V+XabR5HEZ2gM3SBXHSNaqiOGqiFKHpEz+gVvVlP1ov1bn0sWgtWPnOM/sj6/AFND5ha</latexit> T 4
⇥
H

⇥
W

<latexit sha1_base64="R//P6BewxdafOvUEG2VXfkBI2gw=">AAACBnicbZDLSsNAFIZPvNZ6i7oUYbAIrkpSC7osuumyQm/QhDKZTtqhk0mYmQgldOXGV3HjQhG3PoM738Zpm4W2/jDw8Z9zOHP+IOFMacf5ttbWNza3tgs7xd29/YND++i4reJUEtoiMY9lN8CKciZoSzPNaTeRFEcBp51gfDerdx6oVCwWTT1JqB/hoWAhI1gbq2+feaHEJGtOs+rU0yyiCtVRDh3Ut0tO2ZkLrYKbQwlyNfr2lzeISRpRoQnHSvVcJ9F+hqVmhNNp0UsVTTAZ4yHtGRTY7PGz+RlTdGGcAQpjaZ7QaO7+nshwpNQkCkxnhPVILddm5n+1XqrDGz9jIkk1FWSxKEw50jGaZYIGTFKi+cQAJpKZvyIywiYXbZIrmhDc5ZNXoV0pu1flyn21VLvN4yjAKZzDJbhwDTWoQwNaQOARnuEV3qwn68V6tz4WrWtWPnMCf2R9/gBQPZhc</latexit>

T 8
⇥

H 2
⇥

W 2
<latexit sha1_base64="5VBIbgJ2+a0aLlhFFe+epKzVzbQ=">AAACGnicbZDLSsNAFIZPvNZ6i7p0M1gEVyWpgl0W3XRZoTdoQplMJ+3QyYWZiVBCnsONr+LGhSLuxI1v4zTNwrb+MPDznXM4c34v5kwqy/oxNja3tnd2S3vl/YPDo2Pz5LQro0QQ2iERj0Tfw5JyFtKOYorTfiwoDjxOe970fl7vPVIhWRS21SymboDHIfMZwUqjoWk7vsAkbWdpPXMUC6hEC9LM0lqGllAvR0OzYlWtXGjd2IWpQKHW0PxyRhFJAhoqwrGUA9uKlZtioRjhNCs7iaQxJlM8pgNtQ6w3uml+WoYuNRkhPxL6hQrl9O9EigMpZ4GnOwOsJnK1Nof/1QaJ8utuysI4UTQki0V+wpGK0DwnNGKCEsVn2mAimP4rIhOsY1A6zbIOwV49ed10a1X7ulp7uKk07oo4SnAOF3AFNtxCA5rQgg4QeIIXeIN349l4NT6Mz0XrhlHMnMGSjO9f3i2hXA==</latexit>

T 16
⇥

H 2
⇥

W 2
<latexit sha1_base64="r24YDijiKkMhivlfNSsf9pbSqlQ=">AAACG3icbZDLSsNAFIYnXmu9RV26GSyCq5JUUZdFN11W6A2aUCbTSTt0cmHmRCgh7+HGV3HjQhFXggvfxmmahW39YeDnO+dw5vxeLLgCy/ox1tY3Nre2Szvl3b39g0Pz6LijokRS1qaRiGTPI4oJHrI2cBCsF0tGAk+wrje5n9W7j0wqHoUtmMbMDcgo5D6nBDQamDXHl4SmrSy1rzMHeMAUnqNGltYyvIC6ORqYFatq5cKrxi5MBRVqDswvZxjRJGAhUEGU6ttWDG5KJHAqWFZ2EsViQidkxPrahkRvdNP8tgyfazLEfiT1CwHn9O9ESgKlpoGnOwMCY7Vcm8H/av0E/Fs35WGcAAvpfJGfCAwRngWFh1wyCmKqDaGS679iOiY6BtBxlnUI9vLJq6ZTq9qX1drDVaV+V8RRQqfoDF0gG92gOmqgJmojip7QC3pD78az8Wp8GJ/z1jWjmDlBCzK+fwFV9KGV</latexit>

T 16
⇥
1
⇥
1

<latexit sha1_base64="oNTnQjsgDyWdRMVRCypXfKe8eGo=">AAACBnicbZDLSsNAFIZPvNZ6i7oUYbAIrkpSRV0W3bis0Bs0oUymk3boZBJmJkIJXbnxVdy4UMStz+DOt3HaRtDWHwY+/nMOZ84fJJwp7Thf1tLyyuraemGjuLm1vbNr7+03VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMbyb11j2VisWirkcJ9SPcFyxkBGtjde0jL5SYZPVx5l6MPc0iqpCLfqBrl5yyMxVaBDeHEuSqde1PrxeTNKJCE46V6rhOov0MS80Ip+OilyqaYDLEfdoxKLBZ42fTM8boxDg9FMbSPKHR1P09keFIqVEUmM4I64Gar03M/2qdVIdXfsZEkmoqyGxRmHKkYzTJBPWYpETzkQFMJDN/RWSATS7aJFc0IbjzJy9Cs1J2z8qVu/NS9TqPowCHcAyn4MIlVOEWatAAAg/wBC/waj1az9ab9T5rXbLymQP4I+vjGwzhmDI=</latexit>

T 16
⇥
1
⇥
1

<latexit sha1_base64="oNTnQjsgDyWdRMVRCypXfKe8eGo=">AAACBnicbZDLSsNAFIZPvNZ6i7oUYbAIrkpSRV0W3bis0Bs0oUymk3boZBJmJkIJXbnxVdy4UMStz+DOt3HaRtDWHwY+/nMOZ84fJJwp7Thf1tLyyuraemGjuLm1vbNr7+03VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMbyb11j2VisWirkcJ9SPcFyxkBGtjde0jL5SYZPVx5l6MPc0iqpCLfqBrl5yyMxVaBDeHEuSqde1PrxeTNKJCE46V6rhOov0MS80Ip+OilyqaYDLEfdoxKLBZ42fTM8boxDg9FMbSPKHR1P09keFIqVEUmM4I64Gar03M/2qdVIdXfsZEkmoqyGxRmHKkYzTJBPWYpETzkQFMJDN/RWSATS7aJFc0IbjzJy9Cs1J2z8qVu/NS9TqPowCHcAyn4MIlVOEWatAAAg/wBC/waj1az9ab9T5rXbLymQP4I+vjGwzhmDI=</latexit>

51
2

<latexit sha1_base64="XoyE3X5p3eQDj6RBhfP4oRf3Kww=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9XHrVXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFie400</latexit>

51
2

<latexit sha1_base64="XoyE3X5p3eQDj6RBhfP4oRf3Kww=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9XHrVXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFie400</latexit>

64 <latexit sha1_base64="mCxqiH5IF4a+6poVeMQKRVa873M=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHaRqEeiF49o5JHAhswOvTBhdnYzM2tCCH/gxYPGePWPvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJaPZpygH9GB5CFn1Fjp4bLaK5bcsjsHWSVeRkqQod4rfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7plJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb+8SpqVsndRrtxXS7WbLI48nMApnIMHV1CDO6hDAxiE8Ayv8OaMnBfn3flYtOacbOYY/sD5/AH3aYz8</latexit>
64 <latexit sha1_base64="mCxqiH5IF4a+6poVeMQKRVa873M=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHaRqEeiF49o5JHAhswOvTBhdnYzM2tCCH/gxYPGePWPvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJaPZpygH9GB5CFn1Fjp4bLaK5bcsjsHWSVeRkqQod4rfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7plJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb+8SpqVsndRrtxXS7WbLI48nMApnIMHV1CDO6hDAxiE8Ayv8OaMnBfn3flYtOacbOYY/sD5/AH3aYz8</latexit>

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

z
<latexit sha1_base64="VLEo6VgUnu2TnOxoOkqsMPXvyTo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOqPjQI=</latexit>

(x
)

<latexit sha1_base64="kADkzFhZ76aWlZd3DeQch1boxtA=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtyhiZZEG0uMgiRwIXvLHGzY27vs7hkJ4SfYWGiMrb/Izn/jAlco+JJJXt6bycy8IBFcG9f9dnIrq2vrG/nNwtb2zu5ecf+gqeNUMWywWMSqFVCNgktsGG4EthKFNAoEPgTD66n/8IhK81jem1GCfkT7koecUWOlu/LTabdYcivuDGSZeBkpQYZ6t/jV6cUsjVAaJqjWbc9NjD+mynAmcFLopBoTyoa0j21LJY1Q++PZqRNyYpUeCWNlSxoyU39PjGmk9SgKbGdEzUAvelPxP6+dmvDSH3OZpAYlmy8KU0FMTKZ/kx5XyIwYWUKZ4vZWwgZUUWZsOgUbgrf48jJpViveWaV6e16qXWVx5OEIjqEMHlxADW6gDg1g0IdneIU3RzgvzrvzMW/NOdnMIfyB8/kDrOyNZQ==</latexit>

(s)
<latexit sha1_base64="/jq+PpDmrkC0MTOvxqxjLE7MQn4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3CnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh7I+7xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7qFTvL0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8ApVONYA==</latexit>

Encoder

x
<latexit sha1_base64="gxHJCzxsWMshlnSJ5CRvp3/bH3w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2FZoQ9lsJ+3azSbsbsQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f4reM8A==</latexit>

z
<latexit sha1_base64="k0FC/vHhfaipm918Q7o4OXwbVu8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2FZoQ9lsJ+3azSbsboQa+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f5b+M8g==</latexit>

ECoG

Generator

Stimulus Decoding from Human Cortex with GAN Transfer Learning | R. Wang et al. | ISBI 2020



• Attention gated unit 

• allows the network to focus only on significant electrodes at each time 
step.  

• improves the network accuracy by ignoring electrodes with low signal-
to-noise ratio. 

• provides a way to analyze the dynamics of each cortical area.

11

Encoder network structure
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⇥<latexit sha1_base64="y3ZFcWqBEabekax7ttofWU1jMYg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvolq7v6zUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPt3mPOA==</latexit>
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<latexit sha1_base64="VVIlb/0qPJNOrgGhimTGs3SIKW0=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJFXRZdNNlhd6gDWUynbRDJ5MwcyKEUF/FjQtF3Pog7nwbp20Ebf1h4OM/53DO/H4suAbH+bIKG5tb2zvF3dLe/sHhkX180tFRoihr00hEqucTzQSXrA0cBOvFipHQF6zrT+/m9e4DU5pHsgVpzLyQjCUPOCVgrKFdbuEB8JBp3PiB7tCuOFVnIbwObg4VlKs5tD8Ho4gmIZNABdG67zoxeBlRwKlgs9Ig0SwmdErGrG9QErPGyxbHz/C5cUY4iJR5EvDC/T2RkVDrNPRNZ0hgoldrc/O/Wj+B4MbLuIwTYJIuFwWJwBDheRJ4xBWjIFIDhCpubsV0QhShYPIqmRDc1S+vQ6dWdS+rtfurSv02j6OITtEZukAuukZ11EBN1EYUpegJvaBX69F6tt6s92VrwcpnyuiPrI9vPZOT3A==</latexit>
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FC �
<latexit sha1_base64="uveq51XskeZ/BmBbyb/DEzkG8yU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPna2PJw==</latexit>

Attention Gate

T
⇥

H
⇥
W

<latexit sha1_base64="VVIlb/0qPJNOrgGhimTGs3SIKW0=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCpJFXRZdNNlhd6gDWUynbRDJ5MwcyKEUF/FjQtF3Pog7nwbp20Ebf1h4OM/53DO/H4suAbH+bIKG5tb2zvF3dLe/sHhkX180tFRoihr00hEqucTzQSXrA0cBOvFipHQF6zrT+/m9e4DU5pHsgVpzLyQjCUPOCVgrKFdbuEB8JBp3PiB7tCuOFVnIbwObg4VlKs5tD8Ho4gmIZNABdG67zoxeBlRwKlgs9Ig0SwmdErGrG9QErPGyxbHz/C5cUY4iJR5EvDC/T2RkVDrNPRNZ0hgoldrc/O/Wj+B4MbLuIwTYJIuFwWJwBDheRJ4xBWjIFIDhCpubsV0QhShYPIqmRDc1S+vQ6dWdS+rtfurSv02j6OITtEZukAuukZ11EBN1EYUpegJvaBX69F6tt6s92VrwcpnyuiPrI9vPZOT3A==</latexit>

T 2
⇥
H

⇥
W

<latexit sha1_base64="Oz+n+rq+CFbnzZS4YK/9geCs29A=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuCpJFXRZdNNlhd6gCWUynbRDJ5MwcyKU0JUbX8WNC0Xc+gzufBunbRba+sPAx3/O4cz5g0RwDY7zbRXW1jc2t4rbpZ3dvf0D+/CoreNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcY383qnQemNI9lEyYJ8yMylDzklICx+vapFypCs+Y0q0494BHTuI5z6OC+XXYqzlx4FdwcyihXo29/eYOYphGTQAXRuuc6CfgZUcCpYNOSl2qWEDomQ9YzKInZ42fzM6b43DgDHMbKPAl47v6eyEik9SQKTGdEYKSXazPzv1ovhfDGz7hMUmCSLhaFqcAQ41kmeMAVoyAmBghV3PwV0xExuYBJrmRCcJdPXoV2teJeVqr3V+XabR5HEZ2gM3SBXHSNaqiOGqiFKHpEz+gVvVlP1ov1bn0sWgtWPnOM/sj6/AFND5ha</latexit> T 4
⇥
H

⇥
W

<latexit sha1_base64="R//P6BewxdafOvUEG2VXfkBI2gw=">AAACBnicbZDLSsNAFIZPvNZ6i7oUYbAIrkpSC7osuumyQm/QhDKZTtqhk0mYmQgldOXGV3HjQhG3PoM738Zpm4W2/jDw8Z9zOHP+IOFMacf5ttbWNza3tgs7xd29/YND++i4reJUEtoiMY9lN8CKciZoSzPNaTeRFEcBp51gfDerdx6oVCwWTT1JqB/hoWAhI1gbq2+feaHEJGtOs+rU0yyiCtVRDh3Ut0tO2ZkLrYKbQwlyNfr2lzeISRpRoQnHSvVcJ9F+hqVmhNNp0UsVTTAZ4yHtGRTY7PGz+RlTdGGcAQpjaZ7QaO7+nshwpNQkCkxnhPVILddm5n+1XqrDGz9jIkk1FWSxKEw50jGaZYIGTFKi+cQAJpKZvyIywiYXbZIrmhDc5ZNXoV0pu1flyn21VLvN4yjAKZzDJbhwDTWoQwNaQOARnuEV3qwn68V6tz4WrWtWPnMCf2R9/gBQPZhc</latexit>

T 8
⇥

H 2
⇥

W 2
<latexit sha1_base64="5VBIbgJ2+a0aLlhFFe+epKzVzbQ=">AAACGnicbZDLSsNAFIZPvNZ6i7p0M1gEVyWpgl0W3XRZoTdoQplMJ+3QyYWZiVBCnsONr+LGhSLuxI1v4zTNwrb+MPDznXM4c34v5kwqy/oxNja3tnd2S3vl/YPDo2Pz5LQro0QQ2iERj0Tfw5JyFtKOYorTfiwoDjxOe970fl7vPVIhWRS21SymboDHIfMZwUqjoWk7vsAkbWdpPXMUC6hEC9LM0lqGllAvR0OzYlWtXGjd2IWpQKHW0PxyRhFJAhoqwrGUA9uKlZtioRjhNCs7iaQxJlM8pgNtQ6w3uml+WoYuNRkhPxL6hQrl9O9EigMpZ4GnOwOsJnK1Nof/1QaJ8utuysI4UTQki0V+wpGK0DwnNGKCEsVn2mAimP4rIhOsY1A6zbIOwV49ed10a1X7ulp7uKk07oo4SnAOF3AFNtxCA5rQgg4QeIIXeIN349l4NT6Mz0XrhlHMnMGSjO9f3i2hXA==</latexit>

T 16
⇥

H 2
⇥

W 2
<latexit sha1_base64="r24YDijiKkMhivlfNSsf9pbSqlQ=">AAACG3icbZDLSsNAFIYnXmu9RV26GSyCq5JUUZdFN11W6A2aUCbTSTt0cmHmRCgh7+HGV3HjQhFXggvfxmmahW39YeDnO+dw5vxeLLgCy/ox1tY3Nre2Szvl3b39g0Pz6LijokRS1qaRiGTPI4oJHrI2cBCsF0tGAk+wrje5n9W7j0wqHoUtmMbMDcgo5D6nBDQamDXHl4SmrSy1rzMHeMAUnqNGltYyvIC6ORqYFatq5cKrxi5MBRVqDswvZxjRJGAhUEGU6ttWDG5KJHAqWFZ2EsViQidkxPrahkRvdNP8tgyfazLEfiT1CwHn9O9ESgKlpoGnOwMCY7Vcm8H/av0E/Fs35WGcAAvpfJGfCAwRngWFh1wyCmKqDaGS679iOiY6BtBxlnUI9vLJq6ZTq9qX1drDVaV+V8RRQqfoDF0gG92gOmqgJmojip7QC3pD78az8Wp8GJ/z1jWjmDlBCzK+fwFV9KGV</latexit>

T 16
⇥
1
⇥
1

<latexit sha1_base64="oNTnQjsgDyWdRMVRCypXfKe8eGo=">AAACBnicbZDLSsNAFIZPvNZ6i7oUYbAIrkpSRV0W3bis0Bs0oUymk3boZBJmJkIJXbnxVdy4UMStz+DOt3HaRtDWHwY+/nMOZ84fJJwp7Thf1tLyyuraemGjuLm1vbNr7+03VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMbyb11j2VisWirkcJ9SPcFyxkBGtjde0jL5SYZPVx5l6MPc0iqpCLfqBrl5yyMxVaBDeHEuSqde1PrxeTNKJCE46V6rhOov0MS80Ip+OilyqaYDLEfdoxKLBZ42fTM8boxDg9FMbSPKHR1P09keFIqVEUmM4I64Gar03M/2qdVIdXfsZEkmoqyGxRmHKkYzTJBPWYpETzkQFMJDN/RWSATS7aJFc0IbjzJy9Cs1J2z8qVu/NS9TqPowCHcAyn4MIlVOEWatAAAg/wBC/waj1az9ab9T5rXbLymQP4I+vjGwzhmDI=</latexit>

T 16
⇥
1
⇥
1

<latexit sha1_base64="oNTnQjsgDyWdRMVRCypXfKe8eGo=">AAACBnicbZDLSsNAFIZPvNZ6i7oUYbAIrkpSRV0W3bis0Bs0oUymk3boZBJmJkIJXbnxVdy4UMStz+DOt3HaRtDWHwY+/nMOZ84fJJwp7Thf1tLyyuraemGjuLm1vbNr7+03VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMbyb11j2VisWirkcJ9SPcFyxkBGtjde0jL5SYZPVx5l6MPc0iqpCLfqBrl5yyMxVaBDeHEuSqde1PrxeTNKJCE46V6rhOov0MS80Ip+OilyqaYDLEfdoxKLBZ42fTM8boxDg9FMbSPKHR1P09keFIqVEUmM4I64Gar03M/2qdVIdXfsZEkmoqyGxRmHKkYzTJBPWYpETzkQFMJDN/RWSATS7aJFc0IbjzJy9Cs1J2z8qVu/NS9TqPowCHcAyn4MIlVOEWatAAAg/wBC/waj1az9ab9T5rXbLymQP4I+vjGwzhmDI=</latexit>

51
2

<latexit sha1_base64="XoyE3X5p3eQDj6RBhfP4oRf3Kww=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9XHrVXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFie400</latexit>

51
2

<latexit sha1_base64="XoyE3X5p3eQDj6RBhfP4oRf3Kww=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9XHrVXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFie400</latexit>

64 <latexit sha1_base64="mCxqiH5IF4a+6poVeMQKRVa873M=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHaRqEeiF49o5JHAhswOvTBhdnYzM2tCCH/gxYPGePWPvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJaPZpygH9GB5CFn1Fjp4bLaK5bcsjsHWSVeRkqQod4rfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7plJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb+8SpqVsndRrtxXS7WbLI48nMApnIMHV1CDO6hDAxiE8Ayv8OaMnBfn3flYtOacbOYY/sD5/AH3aYz8</latexit>
64 <latexit sha1_base64="mCxqiH5IF4a+6poVeMQKRVa873M=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHaRqEeiF49o5JHAhswOvTBhdnYzM2tCCH/gxYPGePWPvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJaPZpygH9GB5CFn1Fjp4bLaK5bcsjsHWSVeRkqQod4rfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7plJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb+8SpqVsndRrtxXS7WbLI48nMApnIMHV1CDO6hDAxiE8Ayv8OaMnBfn3flYtOacbOYY/sD5/AH3aYz8</latexit>

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

z
<latexit sha1_base64="VLEo6VgUnu2TnOxoOkqsMPXvyTo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOqPjQI=</latexit>

(x
)

<latexit sha1_base64="kADkzFhZ76aWlZd3DeQch1boxtA=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtyhiZZEG0uMgiRwIXvLHGzY27vs7hkJ4SfYWGiMrb/Izn/jAlco+JJJXt6bycy8IBFcG9f9dnIrq2vrG/nNwtb2zu5ecf+gqeNUMWywWMSqFVCNgktsGG4EthKFNAoEPgTD66n/8IhK81jem1GCfkT7koecUWOlu/LTabdYcivuDGSZeBkpQYZ6t/jV6cUsjVAaJqjWbc9NjD+mynAmcFLopBoTyoa0j21LJY1Q++PZqRNyYpUeCWNlSxoyU39PjGmk9SgKbGdEzUAvelPxP6+dmvDSH3OZpAYlmy8KU0FMTKZ/kx5XyIwYWUKZ4vZWwgZUUWZsOgUbgrf48jJpViveWaV6e16qXWVx5OEIjqEMHlxADW6gDg1g0IdneIU3RzgvzrvzMW/NOdnMIfyB8/kDrOyNZQ==</latexit>

(s)
<latexit sha1_base64="/jq+PpDmrkC0MTOvxqxjLE7MQn4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3CnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh7I+7xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7qFTvL0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8ApVONYA==</latexit>

Encoder

x
<latexit sha1_base64="gxHJCzxsWMshlnSJ5CRvp3/bH3w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2FZoQ9lsJ+3azSbsbsQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f4reM8A==</latexit>

z
<latexit sha1_base64="k0FC/vHhfaipm918Q7o4OXwbVu8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2FZoQ9lsJ+3azSbsboQa+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f5b+M8g==</latexit>

ECoG

Generator
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• Transfer the pre-trained generator and fine-tune with the encoder.  

•  Kullback–Leibler (KL) divergence regularizer 

• encourage the encoder output distribution to follow Gaussian. 

• The loss function is:

12

ECoG

Encoder

Generator

representation 
space

generated  
spectrogram

x
<latexit sha1_base64="gxHJCzxsWMshlnSJ5CRvp3/bH3w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2FZoQ9lsJ+3azSbsbsQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f4reM8A==</latexit>

z
<latexit sha1_base64="k0FC/vHhfaipm918Q7o4OXwbVu8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2FZoQ9lsJ+3azSbsboQa+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f5b+M8g==</latexit>

ŷ
<latexit sha1_base64="n8AiTfteWRXIEU0w3yKMXtFMc60=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7Ae0oWy2m3bpZhN2J0II/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xCzhfkTHSoSCUbRSdzChmGezYbXm1t0FyDrxClKDAq1h9WswilkacYVMUmP6npugn1ONgkk+qwxSwxPKpnTM+5YqGnHj54tzZ+TCKiMSxtqWQrJQf0/kNDImiwLbGVGcmFVvLv7n9VMMb/1cqCRFrthyUZhKgjGZ/05GQnOGMrOEMi3srYRNqKYMbUIVG4K3+vI66TTq3lW98XBdazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB64/j74=</latexit>

Encoder and generator fine-tuning

y
<latexit sha1_base64="CP9AABBWdtdJmwBOdP6OrbSfLLM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWak765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15V6hd5HEU4gVM4Bw+uoQ530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AeJtjOs=</latexit>

true  
spectrogram

loss = MSE (y, ŷ(x)) + �KL
�
p (z) kN

�
0,�2I

��
<latexit sha1_base64="uX+97CD5U3zm4dVgTZvWpMhBHWo="></latexit>
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Experimental results - dataset information

Dataset High density 
(HD)

Low density 
(LD)

Hybrid 
(HB)

Spacing 4mm 10mm 10 / 5mm

Training Set 100-150 words 50 words 50 words

Number of 
Subjects

2 12 2

• Three different electrode density and coverage.  

• The STG is sampled for all subjects, some other cortical 
regions are sampled in LD and HB data.  

• Patients undergoing treatment for refractory Epilepsy.  

• During the task, all subjects listened to speech audio of 50 
different English words/pseudo-words.  

• Each word repeated 4 times for HD and 2 times for LD and 
HB.  

• One subject in the HD dataset passively listened to each word 
while all other subjects were required to reproduce each word 
after listening.

Stimulus Decoding from Human Cortex with GAN Transfer Learning | R. Wang et al. | ISBI 2020
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Experimental results - dataset information

Dataset High density 
(HD)

Low density 
(LD)

Hybrid 
(HB)

Spacing 4mm 10mm 10 / 5mm

Training Set 100-150 words 50 words 50 words

Number of 
Subjects

2 12 2

• An individual model is trained and tested for each 
subject. 

• For each subject, 50 unique words are used for testing.  

• Rest of the samples for each subject used for training. 

• Results are averaged across subjects with same electrode 
density. 
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Experimental results - stimuli reconstruction

• state-of-the-art performance in 

• averaged mean squared error (MSE) 

•  correlation coefficient (CC).

• audio examples: here!

1. transfer-GAN: this work!

2. SpecWaveNet: Ran Wang, et al., “Reconstruct- ing speech stimuli 
from human auditory cortex activity using a WaveNet approach”, 
SPMB, 2018.

3. Linear model: Brian N Pasley, et al., “Reconstructing speech from 
human auditory cortex,” PLoS Biology,  2012.

Stimulus Decoding from Human Cortex with GAN Transfer Learning | R. Wang et al. | ISBI 2020
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Experimental results - attention mask visualization 

• The attention mask shows attended electrodes with useful information and dynamics of different cortical areas.

• STG, Broca’s area and motor cortices are attended sequentially. 

• STG is consistently attended during the perception period. 

• Leant attention mask matches the findings in neuroscientific literature.
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Conclusion

• Developed a framework for stimulus speech decoding from human cortex ECoG recordings.  

• Proposed encoder extracts features from the ECoG signals to a representation space.  

• Pre-trained generator predicts realistic spectrograms from the representation space.  

•  Tackled the challenge of limited training data and achieved state-of-the-art reconstruction from cortical areas 
including STG.  

• Attention mechanism allowed for interpretation of the results for neuroscientific discoveries.  

In future work: 

• Use the developed techniques to study speech processing in human cortex in finer details.   

• Decode the reproduced speech.  

• Use the framework for other applications with limitations in training data. 
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