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Abstract

Modeling and prediction of human motion dynamics has
long been a challenging problem in computer vision, and
most existing methods rely on the end-to-end supervised
training of various architectures of recurrent neural net-
works. Inspired by the recent success of deep reinforce-
ment learning methods, in this paper we propose a new
reinforcement learning formulation for the problem of hu-
man pose prediction, and develop an imitation learning al-
gorithm for predicting future poses under this formulation
through a combination of behavioral cloning and genera-
tive adversarial imitation learning. Our experiments show
that our proposed method outperforms all existing state-
of-the-art baseline models by large margins on the task of
human pose prediction in both short-term predictions and
long-term predictions, while also enjoying huge advantage
in training speed.

1. Introduction
Modeling the dynamics of human motion and predict-

ing human poses is an important and challenging problem
in computer vision that has many useful applications in
robotics, computer graphics, healthcare, public safety, etc.
[14, 20, 21, 42, 43]. Previous work on this subject has
mainly been focusing on designing different architectures
of recurrent neural networks (RNNs) to model human mo-
tion dynamics and adopted a pure supervised-learning ap-
proach to train recurrent neural networks to predict future
human poses in a sequence [7, 9, 19, 26].

These previous methods based on supervised training of
RNN architectures face two main challenges: (1) due to
the purely supervised nature of the training methods, the
learned RNNs usually do not generalize well to unseen do-
mains of the human motion space, which are very likely to
appear during test time; (2) since the RNNs are required to
generate the whole human pose prediction sequence all to-
gether, it is very difficult to keep a good balance between
short-term and long-term prediction accuracies.

Recently, we have witnessed great success in the devel-

⇡✓
<latexit sha1_base64="OIbg92+c4CxHGOlWATrm7gBa05w=">AAAB83icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjwYMeK9ha6C4lm6ZtaDYbklmhLP0bXjwo4tU/481/Y9ruQVtfCDy8M8NM3lhLYdH3v73S2vrG5lZ5u7Kzu7d/UD08ats0M4y3WCpT04mp5VIo3kKBkne04TSJJX+Mxzez+uMTN1ak6gEnmkcJHSoxEIyis8JQi14e4ogjnfaqNb/uz0VWISigBoWavepX2E9ZlnCFTFJru4GvMcqpQcEkn1bCzHJN2ZgOedehogm3UT6/eUrOnNMng9S4p5DM3d8TOU2snSSx60wojuxybWb+V+tmOLiOcqF0hlyxxaJBJgmmZBYA6QvDGcqJA8qMcLcSNqKGMnQxVVwIwfKXV6F9UQ8c31/WGrdFHGU4gVM4hwCuoAF30IQWMNDwDK/w5mXei/fufSxaS14xcwx/5H3+AHRzkfU=</latexit><latexit sha1_base64="OIbg92+c4CxHGOlWATrm7gBa05w=">AAAB83icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjwYMeK9ha6C4lm6ZtaDYbklmhLP0bXjwo4tU/481/Y9ruQVtfCDy8M8NM3lhLYdH3v73S2vrG5lZ5u7Kzu7d/UD08ats0M4y3WCpT04mp5VIo3kKBkne04TSJJX+Mxzez+uMTN1ak6gEnmkcJHSoxEIyis8JQi14e4ogjnfaqNb/uz0VWISigBoWavepX2E9ZlnCFTFJru4GvMcqpQcEkn1bCzHJN2ZgOedehogm3UT6/eUrOnNMng9S4p5DM3d8TOU2snSSx60wojuxybWb+V+tmOLiOcqF0hlyxxaJBJgmmZBYA6QvDGcqJA8qMcLcSNqKGMnQxVVwIwfKXV6F9UQ8c31/WGrdFHGU4gVM4hwCuoAF30IQWMNDwDK/w5mXei/fufSxaS14xcwx/5H3+AHRzkfU=</latexit><latexit sha1_base64="OIbg92+c4CxHGOlWATrm7gBa05w=">AAAB83icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjwYMeK9ha6C4lm6ZtaDYbklmhLP0bXjwo4tU/481/Y9ruQVtfCDy8M8NM3lhLYdH3v73S2vrG5lZ5u7Kzu7d/UD08ats0M4y3WCpT04mp5VIo3kKBkne04TSJJX+Mxzez+uMTN1ak6gEnmkcJHSoxEIyis8JQi14e4ogjnfaqNb/uz0VWISigBoWavepX2E9ZlnCFTFJru4GvMcqpQcEkn1bCzHJN2ZgOedehogm3UT6/eUrOnNMng9S4p5DM3d8TOU2snSSx60wojuxybWb+V+tmOLiOcqF0hlyxxaJBJgmmZBYA6QvDGcqJA8qMcLcSNqKGMnQxVVwIwfKXV6F9UQ8c31/WGrdFHGU4gVM4hwCuoAF30IQWMNDwDK/w5mXei/fufSxaS14xcwx/5H3+AHRzkfU=</latexit><latexit sha1_base64="OIbg92+c4CxHGOlWATrm7gBa05w=">AAAB83icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjwYMeK9ha6C4lm6ZtaDYbklmhLP0bXjwo4tU/481/Y9ruQVtfCDy8M8NM3lhLYdH3v73S2vrG5lZ5u7Kzu7d/UD08ats0M4y3WCpT04mp5VIo3kKBkne04TSJJX+Mxzez+uMTN1ak6gEnmkcJHSoxEIyis8JQi14e4ogjnfaqNb/uz0VWISigBoWavepX2E9ZlnCFTFJru4GvMcqpQcEkn1bCzHJN2ZgOedehogm3UT6/eUrOnNMng9S4p5DM3d8TOU2snSSx60wojuxybWb+V+tmOLiOcqF0hlyxxaJBJgmmZBYA6QvDGcqJA8qMcLcSNqKGMnQxVVwIwfKXV6F9UQ8c31/WGrdFHGU4gVM4hwCuoAF30IQWMNDwDK/w5mXei/fufSxaS14xcwx/5H3+AHRzkfU=</latexit>

Action
<latexit sha1_base64="vKwTLujVWtosADprQrUPqsaEl28=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw2Tqq7uqG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o2ZtoKKHgg5nHMv994TJpxp43kfzsLi0vLKamGtuL6xubVd2tltapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWjq9xv3VOlmRS3ZpzQIMYDwSJGsLFS84LkX69U9tzqqY9QFXpupXKMPN8Sr4JO/CpErjdFGcxR75Xeu31J0pgKQzjWuoO8xAQZVoYRTifFbqppgskID2jHUoFjqoNsuu0EHlqlDyOp7BMGTtXvHRmOtR7Hoa2MsRnq314u/uV1UhOdBxkTSWqoILNBUcqhkTA/HfaZosTwsSWYKGZ3hWSIFSbGBlS0IXxdCv8nTd9Flt/45drlPI4C2AcH4AggcAZq4BrUQQMQcAcewBN4dqTz6Lw4r7PSBWfeswd+wHn7BNzvj08=</latexit><latexit sha1_base64="vKwTLujVWtosADprQrUPqsaEl28=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw2Tqq7uqG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o2ZtoKKHgg5nHMv994TJpxp43kfzsLi0vLKamGtuL6xubVd2tltapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWjq9xv3VOlmRS3ZpzQIMYDwSJGsLFS84LkX69U9tzqqY9QFXpupXKMPN8Sr4JO/CpErjdFGcxR75Xeu31J0pgKQzjWuoO8xAQZVoYRTifFbqppgskID2jHUoFjqoNsuu0EHlqlDyOp7BMGTtXvHRmOtR7Hoa2MsRnq314u/uV1UhOdBxkTSWqoILNBUcqhkTA/HfaZosTwsSWYKGZ3hWSIFSbGBlS0IXxdCv8nTd9Flt/45drlPI4C2AcH4AggcAZq4BrUQQMQcAcewBN4dqTz6Lw4r7PSBWfeswd+wHn7BNzvj08=</latexit><latexit sha1_base64="vKwTLujVWtosADprQrUPqsaEl28=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw2Tqq7uqG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o2ZtoKKHgg5nHMv994TJpxp43kfzsLi0vLKamGtuL6xubVd2tltapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWjq9xv3VOlmRS3ZpzQIMYDwSJGsLFS84LkX69U9tzqqY9QFXpupXKMPN8Sr4JO/CpErjdFGcxR75Xeu31J0pgKQzjWuoO8xAQZVoYRTifFbqppgskID2jHUoFjqoNsuu0EHlqlDyOp7BMGTtXvHRmOtR7Hoa2MsRnq314u/uV1UhOdBxkTSWqoILNBUcqhkTA/HfaZosTwsSWYKGZ3hWSIFSbGBlS0IXxdCv8nTd9Flt/45drlPI4C2AcH4AggcAZq4BrUQQMQcAcewBN4dqTz6Lw4r7PSBWfeswd+wHn7BNzvj08=</latexit><latexit sha1_base64="vKwTLujVWtosADprQrUPqsaEl28=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXw2Tqq7uqG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o2ZtoKKHgg5nHMv994TJpxp43kfzsLi0vLKamGtuL6xubVd2tltapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWjq9xv3VOlmRS3ZpzQIMYDwSJGsLFS84LkX69U9tzqqY9QFXpupXKMPN8Sr4JO/CpErjdFGcxR75Xeu31J0pgKQzjWuoO8xAQZVoYRTifFbqppgskID2jHUoFjqoNsuu0EHlqlDyOp7BMGTtXvHRmOtR7Hoa2MsRnq314u/uV1UhOdBxkTSWqoILNBUcqhkTA/HfaZosTwsSWYKGZ3hWSIFSbGBlS0IXxdCv8nTd9Flt/45drlPI4C2AcH4AggcAZq4BrUQQMQcAcewBN4dqTz6Lw4r7PSBWfeswd+wHn7BNzvj08=</latexit>

State
<latexit sha1_base64="R5huLpyHotCvcOLgCdeMQdMZEp4=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0japtVb0YvHirYW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cfshqOiDgcd7M8zMCxLBNTjOh5VbWV1b38hvFra2d3b3ivsHbR2nirIWjUWsOgHRTHDJWsBBsE6iGIkCwe6C8eXMv7tnSvNY3sIkYX5EhpKHnBIwUusGCLB+seTYrlvxzj3s2FWvXvUqhtRrNbfmYdd25iihJZr94ntvENM0YhKoIFp3XScBPyMKOBVsWuilmiWEjsmQdQ2VJGLaz+bHTvGJUQY4jJUpCXiufp/ISKT1JApMZ0RgpH97M/Evr5tCeOZnXCYpMEkXi8JUYIjx7HM84IpREBNDCFXc3IrpiChCweRTMCF8fYr/J+2yCcp2rsulxsUyjjw6QsfoFLmojhroCjVRC1HE0QN6Qs+WtB6tF+t10ZqzljOH6Aest09Iyo7+</latexit><latexit sha1_base64="R5huLpyHotCvcOLgCdeMQdMZEp4=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0japtVb0YvHirYW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cfshqOiDgcd7M8zMCxLBNTjOh5VbWV1b38hvFra2d3b3ivsHbR2nirIWjUWsOgHRTHDJWsBBsE6iGIkCwe6C8eXMv7tnSvNY3sIkYX5EhpKHnBIwUusGCLB+seTYrlvxzj3s2FWvXvUqhtRrNbfmYdd25iihJZr94ntvENM0YhKoIFp3XScBPyMKOBVsWuilmiWEjsmQdQ2VJGLaz+bHTvGJUQY4jJUpCXiufp/ISKT1JApMZ0RgpH97M/Evr5tCeOZnXCYpMEkXi8JUYIjx7HM84IpREBNDCFXc3IrpiChCweRTMCF8fYr/J+2yCcp2rsulxsUyjjw6QsfoFLmojhroCjVRC1HE0QN6Qs+WtB6tF+t10ZqzljOH6Aest09Iyo7+</latexit><latexit sha1_base64="R5huLpyHotCvcOLgCdeMQdMZEp4=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0japtVb0YvHirYW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cfshqOiDgcd7M8zMCxLBNTjOh5VbWV1b38hvFra2d3b3ivsHbR2nirIWjUWsOgHRTHDJWsBBsE6iGIkCwe6C8eXMv7tnSvNY3sIkYX5EhpKHnBIwUusGCLB+seTYrlvxzj3s2FWvXvUqhtRrNbfmYdd25iihJZr94ntvENM0YhKoIFp3XScBPyMKOBVsWuilmiWEjsmQdQ2VJGLaz+bHTvGJUQY4jJUpCXiufp/ISKT1JApMZ0RgpH97M/Evr5tCeOZnXCYpMEkXi8JUYIjx7HM84IpREBNDCFXc3IrpiChCweRTMCF8fYr/J+2yCcp2rsulxsUyjjw6QsfoFLmojhroCjVRC1HE0QN6Qs+WtB6tF+t10ZqzljOH6Aest09Iyo7+</latexit><latexit sha1_base64="R5huLpyHotCvcOLgCdeMQdMZEp4=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0japtVb0YvHirYW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cfshqOiDgcd7M8zMCxLBNTjOh5VbWV1b38hvFra2d3b3ivsHbR2nirIWjUWsOgHRTHDJWsBBsE6iGIkCwe6C8eXMv7tnSvNY3sIkYX5EhpKHnBIwUusGCLB+seTYrlvxzj3s2FWvXvUqhtRrNbfmYdd25iihJZr94ntvENM0YhKoIFp3XScBPyMKOBVsWuilmiWEjsmQdQ2VJGLaz+bHTvGJUQY4jJUpCXiufp/ISKT1JApMZ0RgpH97M/Evr5tCeOZnXCYpMEkXi8JUYIjx7HM84IpREBNDCFXc3IrpiChCweRTMCF8fYr/J+2yCcp2rsulxsUyjjw6QsfoFLmojhroCjVRC1HE0QN6Qs+WtB6tF+t10ZqzljOH6Aest09Iyo7+</latexit>

Expert Demonstration
<latexit sha1_base64="hduk12YgwCstIgnWl8autOcieio=">AAAB/XicdVDLSgNBEJyNrxhf8XHzMhgET2E3BhJv4gM8RjBGSBaZnXR0yOzsMtMrxkX8FS8eFPHqf3jzb5yNK6hoQUNR1U13VxBLYdB1353CxOTU9ExxtjQ3v7C4VF5eOTVRojm0eSQjfRYwA1IoaKNACWexBhYGEjrBcD/zO1egjYjUCY5i8EN2ocRAcIZWOi+vHV7HoJEeQBgpgzqXK27VHYO61e1mo17PiFdr7Hge9XKrQnK0zstvvX7EkxAUcsmM6XpujH7KNAou4bbUSwzEjA/ZBXQtVSwE46fj62/pplX6dBBpWwrpWP0+kbLQmFEY2M6Q4aX57WXiX143wUHTT4WKEwTFPxcNEkkxolkUtC80cJQjSxjXwt5K+SXTjKMNrGRD+PqU/k9Oa1XP8uNaZXcvj6NI1skG2SIeaZBdckRapE04uSH35JE8OXfOg/PsvHy2Fpx8ZpX8gPP6ARJelZ8=</latexit><latexit sha1_base64="hduk12YgwCstIgnWl8autOcieio=">AAAB/XicdVDLSgNBEJyNrxhf8XHzMhgET2E3BhJv4gM8RjBGSBaZnXR0yOzsMtMrxkX8FS8eFPHqf3jzb5yNK6hoQUNR1U13VxBLYdB1353CxOTU9ExxtjQ3v7C4VF5eOTVRojm0eSQjfRYwA1IoaKNACWexBhYGEjrBcD/zO1egjYjUCY5i8EN2ocRAcIZWOi+vHV7HoJEeQBgpgzqXK27VHYO61e1mo17PiFdr7Hge9XKrQnK0zstvvX7EkxAUcsmM6XpujH7KNAou4bbUSwzEjA/ZBXQtVSwE46fj62/pplX6dBBpWwrpWP0+kbLQmFEY2M6Q4aX57WXiX143wUHTT4WKEwTFPxcNEkkxolkUtC80cJQjSxjXwt5K+SXTjKMNrGRD+PqU/k9Oa1XP8uNaZXcvj6NI1skG2SIeaZBdckRapE04uSH35JE8OXfOg/PsvHy2Fpx8ZpX8gPP6ARJelZ8=</latexit><latexit sha1_base64="hduk12YgwCstIgnWl8autOcieio=">AAAB/XicdVDLSgNBEJyNrxhf8XHzMhgET2E3BhJv4gM8RjBGSBaZnXR0yOzsMtMrxkX8FS8eFPHqf3jzb5yNK6hoQUNR1U13VxBLYdB1353CxOTU9ExxtjQ3v7C4VF5eOTVRojm0eSQjfRYwA1IoaKNACWexBhYGEjrBcD/zO1egjYjUCY5i8EN2ocRAcIZWOi+vHV7HoJEeQBgpgzqXK27VHYO61e1mo17PiFdr7Hge9XKrQnK0zstvvX7EkxAUcsmM6XpujH7KNAou4bbUSwzEjA/ZBXQtVSwE46fj62/pplX6dBBpWwrpWP0+kbLQmFEY2M6Q4aX57WXiX143wUHTT4WKEwTFPxcNEkkxolkUtC80cJQjSxjXwt5K+SXTjKMNrGRD+PqU/k9Oa1XP8uNaZXcvj6NI1skG2SIeaZBdckRapE04uSH35JE8OXfOg/PsvHy2Fpx8ZpX8gPP6ARJelZ8=</latexit><latexit sha1_base64="hduk12YgwCstIgnWl8autOcieio=">AAAB/XicdVDLSgNBEJyNrxhf8XHzMhgET2E3BhJv4gM8RjBGSBaZnXR0yOzsMtMrxkX8FS8eFPHqf3jzb5yNK6hoQUNR1U13VxBLYdB1353CxOTU9ExxtjQ3v7C4VF5eOTVRojm0eSQjfRYwA1IoaKNACWexBhYGEjrBcD/zO1egjYjUCY5i8EN2ocRAcIZWOi+vHV7HoJEeQBgpgzqXK27VHYO61e1mo17PiFdr7Hge9XKrQnK0zstvvX7EkxAUcsmM6XpujH7KNAou4bbUSwzEjA/ZBXQtVSwE46fj62/pplX6dBBpWwrpWP0+kbLQmFEY2M6Q4aX57WXiX143wUHTT4WKEwTFPxcNEkkxolkUtC80cJQjSxjXwt5K+SXTjKMNrGRD+PqU/k9Oa1XP8uNaZXcvj6NI1skG2SIeaZBdckRapE04uSH35JE8OXfOg/PsvHy2Fpx8ZpX8gPP6ARJelZ8=</latexit>

(ground truth)
<latexit sha1_base64="XwHk7jwYR3P1TL0olGzrqgbarBg=">AAAB9XicdVBNS8NAEN3Ur1q/qh69LBahXkpSC623ohePFewHtLFsNtt26WYTdidKCf0fXjwo4tX/4s1/46aNoKIPBh7vzTAzz4sE12DbH1ZuZXVtfSO/Wdja3tndK+4fdHQYK8raNBSh6nlEM8ElawMHwXqRYiTwBOt608vU794xpXkob2AWMTcgY8lHnBIw0m15rMJY+hhUDJPTYbFkV+wFsF05a9RrtZQ41fq542Ans0ooQ2tYfB/4IY0DJoEKonXfsSNwE6KAU8HmhUGsWUTolIxZ31BJAqbdZHH1HJ8YxcejUJmSgBfq94mEBFrPAs90BgQm+reXin95/RhGDTfhMoqBSbpcNIoFhhCnEWCfK0ZBzAwhVHFzK6YToggFE1TBhPD1Kf6fdKoVx/Draql5kcWRR0foGJWRg+qoia5QC7URRQo9oCf0bN1bj9aL9bpszVnZzCH6AevtE10Rkmo=</latexit><latexit sha1_base64="XwHk7jwYR3P1TL0olGzrqgbarBg=">AAAB9XicdVBNS8NAEN3Ur1q/qh69LBahXkpSC623ohePFewHtLFsNtt26WYTdidKCf0fXjwo4tX/4s1/46aNoKIPBh7vzTAzz4sE12DbH1ZuZXVtfSO/Wdja3tndK+4fdHQYK8raNBSh6nlEM8ElawMHwXqRYiTwBOt608vU794xpXkob2AWMTcgY8lHnBIw0m15rMJY+hhUDJPTYbFkV+wFsF05a9RrtZQ41fq542Ans0ooQ2tYfB/4IY0DJoEKonXfsSNwE6KAU8HmhUGsWUTolIxZ31BJAqbdZHH1HJ8YxcejUJmSgBfq94mEBFrPAs90BgQm+reXin95/RhGDTfhMoqBSbpcNIoFhhCnEWCfK0ZBzAwhVHFzK6YToggFE1TBhPD1Kf6fdKoVx/Draql5kcWRR0foGJWRg+qoia5QC7URRQo9oCf0bN1bj9aL9bpszVnZzCH6AevtE10Rkmo=</latexit><latexit sha1_base64="XwHk7jwYR3P1TL0olGzrqgbarBg=">AAAB9XicdVBNS8NAEN3Ur1q/qh69LBahXkpSC623ohePFewHtLFsNtt26WYTdidKCf0fXjwo4tX/4s1/46aNoKIPBh7vzTAzz4sE12DbH1ZuZXVtfSO/Wdja3tndK+4fdHQYK8raNBSh6nlEM8ElawMHwXqRYiTwBOt608vU794xpXkob2AWMTcgY8lHnBIw0m15rMJY+hhUDJPTYbFkV+wFsF05a9RrtZQ41fq542Ans0ooQ2tYfB/4IY0DJoEKonXfsSNwE6KAU8HmhUGsWUTolIxZ31BJAqbdZHH1HJ8YxcejUJmSgBfq94mEBFrPAs90BgQm+reXin95/RhGDTfhMoqBSbpcNIoFhhCnEWCfK0ZBzAwhVHFzK6YToggFE1TBhPD1Kf6fdKoVx/Draql5kcWRR0foGJWRg+qoia5QC7URRQo9oCf0bN1bj9aL9bpszVnZzCH6AevtE10Rkmo=</latexit><latexit sha1_base64="XwHk7jwYR3P1TL0olGzrqgbarBg=">AAAB9XicdVBNS8NAEN3Ur1q/qh69LBahXkpSC623ohePFewHtLFsNtt26WYTdidKCf0fXjwo4tX/4s1/46aNoKIPBh7vzTAzz4sE12DbH1ZuZXVtfSO/Wdja3tndK+4fdHQYK8raNBSh6nlEM8ElawMHwXqRYiTwBOt608vU794xpXkob2AWMTcgY8lHnBIw0m15rMJY+hhUDJPTYbFkV+wFsF05a9RrtZQ41fq542Ans0ooQ2tYfB/4IY0DJoEKonXfsSNwE6KAU8HmhUGsWUTolIxZ31BJAqbdZHH1HJ8YxcejUJmSgBfq94mEBFrPAs90BgQm+reXin95/RhGDTfhMoqBSbpcNIoFhhCnEWCfK0ZBzAwhVHFzK6YToggFE1TBhPD1Kf6fdKoVx/Draql5kcWRR0foGJWRg+qoia5QC7URRQo9oCf0bN1bj9aL9bpszVnZzCH6AevtE10Rkmo=</latexit>

Dw<latexit sha1_base64="ecy/Lu16SXDuJl8ama0PHC3vS6g=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRYsAePFe0HtKFstpN26WYTdjdKCf0JXjwo4tVf5M1/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjezevsRleaxfDCTBP2IDiUPOaPGWvf1/lO/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/NV52SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsbjLgCpkREwuUKW53JWxEFWXGplOyIXjLJ69C66LqWb67rNTqeRxFOIFTOAcPrqAGt9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sj5/AEnLI20</latexit><latexit sha1_base64="ecy/Lu16SXDuJl8ama0PHC3vS6g=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRYsAePFe0HtKFstpN26WYTdjdKCf0JXjwo4tVf5M1/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjezevsRleaxfDCTBP2IDiUPOaPGWvf1/lO/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/NV52SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsbjLgCpkREwuUKW53JWxEFWXGplOyIXjLJ69C66LqWb67rNTqeRxFOIFTOAcPrqAGt9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sj5/AEnLI20</latexit><latexit sha1_base64="ecy/Lu16SXDuJl8ama0PHC3vS6g=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRYsAePFe0HtKFstpN26WYTdjdKCf0JXjwo4tVf5M1/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjezevsRleaxfDCTBP2IDiUPOaPGWvf1/lO/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/NV52SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsbjLgCpkREwuUKW53JWxEFWXGplOyIXjLJ69C66LqWb67rNTqeRxFOIFTOAcPrqAGt9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sj5/AEnLI20</latexit><latexit sha1_base64="ecy/Lu16SXDuJl8ama0PHC3vS6g=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRYsAePFe0HtKFstpN26WYTdjdKCf0JXjwo4tVf5M1/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjezevsRleaxfDCTBP2IDiUPOaPGWvf1/lO/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/NV52SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsbjLgCpkREwuUKW53JWxEFWXGplOyIXjLJ69C66LqWb67rNTqeRxFOIFTOAcPrqAGt9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sj5/AEnLI20</latexit>

Critic Score
<latexit sha1_base64="beih6b2j10ehglSr97kEGWErXXQ=">AAAB83icbZDLTgIxFIbP4A3xhrp000hMXJEZNrokYeMSo1wSmJBOOQMNnXbSdkwI4TXcuNAYt76MO9/GArNQ8E+afPnPOW3PH6WCG+v7315ha3tnd6+4Xzo4PDo+KZ+etY3KNMMWU0LpbkQNCi6xZbkV2E010iQS2IkmjUW984TacCUf7TTFMKEjyWPOqHVWv6G55Yw8MKVxUK74VX8psglBDhXI1RyUv/pDxbIEpWWCGtML/NSGM6rdlQLnpX5mMKVsQkfYcyhpgiacLf88J1fOGZJYaXekJUv398SMJsZMk8h1JtSOzXptYf5X62U2vg1nXKaZRclWD8WZIFaRRQBkyDUyK6YOKFutz8ZUU2ZdTCUXQrC+8ia0a9XA8X2tUq/ncRThAi7hGgK4gTrcQRNawCCFZ3iFNy/zXrx372PVWvDymXP4I+/zB6b3kWg=</latexit><latexit sha1_base64="beih6b2j10ehglSr97kEGWErXXQ=">AAAB83icbZDLTgIxFIbP4A3xhrp000hMXJEZNrokYeMSo1wSmJBOOQMNnXbSdkwI4TXcuNAYt76MO9/GArNQ8E+afPnPOW3PH6WCG+v7315ha3tnd6+4Xzo4PDo+KZ+etY3KNMMWU0LpbkQNCi6xZbkV2E010iQS2IkmjUW984TacCUf7TTFMKEjyWPOqHVWv6G55Yw8MKVxUK74VX8psglBDhXI1RyUv/pDxbIEpWWCGtML/NSGM6rdlQLnpX5mMKVsQkfYcyhpgiacLf88J1fOGZJYaXekJUv398SMJsZMk8h1JtSOzXptYf5X62U2vg1nXKaZRclWD8WZIFaRRQBkyDUyK6YOKFutz8ZUU2ZdTCUXQrC+8ia0a9XA8X2tUq/ncRThAi7hGgK4gTrcQRNawCCFZ3iFNy/zXrx372PVWvDymXP4I+/zB6b3kWg=</latexit><latexit sha1_base64="beih6b2j10ehglSr97kEGWErXXQ=">AAAB83icbZDLTgIxFIbP4A3xhrp000hMXJEZNrokYeMSo1wSmJBOOQMNnXbSdkwI4TXcuNAYt76MO9/GArNQ8E+afPnPOW3PH6WCG+v7315ha3tnd6+4Xzo4PDo+KZ+etY3KNMMWU0LpbkQNCi6xZbkV2E010iQS2IkmjUW984TacCUf7TTFMKEjyWPOqHVWv6G55Yw8MKVxUK74VX8psglBDhXI1RyUv/pDxbIEpWWCGtML/NSGM6rdlQLnpX5mMKVsQkfYcyhpgiacLf88J1fOGZJYaXekJUv398SMJsZMk8h1JtSOzXptYf5X62U2vg1nXKaZRclWD8WZIFaRRQBkyDUyK6YOKFutz8ZUU2ZdTCUXQrC+8ia0a9XA8X2tUq/ncRThAi7hGgK4gTrcQRNawCCFZ3iFNy/zXrx372PVWvDymXP4I+/zB6b3kWg=</latexit><latexit sha1_base64="beih6b2j10ehglSr97kEGWErXXQ=">AAAB83icbZDLTgIxFIbP4A3xhrp000hMXJEZNrokYeMSo1wSmJBOOQMNnXbSdkwI4TXcuNAYt76MO9/GArNQ8E+afPnPOW3PH6WCG+v7315ha3tnd6+4Xzo4PDo+KZ+etY3KNMMWU0LpbkQNCi6xZbkV2E010iQS2IkmjUW984TacCUf7TTFMKEjyWPOqHVWv6G55Yw8MKVxUK74VX8psglBDhXI1RyUv/pDxbIEpWWCGtML/NSGM6rdlQLnpX5mMKVsQkfYcyhpgiacLf88J1fOGZJYaXekJUv398SMJsZMk8h1JtSOzXptYf5X62U2vg1nXKaZRclWD8WZIFaRRQBkyDUyK6YOKFutz8ZUU2ZdTCUXQrC+8ia0a9XA8X2tUq/ncRThAi7hGgK4gTrcQRNawCCFZ3iFNy/zXrx372PVWvDymXP4I+/zB6b3kWg=</latexit>

Policy Gradient
<latexit sha1_base64="7EP7U2tO7tpxRVGH69ib9MIncAg=">AAAB+HicdVDLSgMxFM34rPXRUZdugkVwVWbGYrssutBlBfuAdiiZTKYNzSRDkhHGoV/ixoUibv0Ud/6NaTuCih4IHM65h3tzgoRRpR3nw1pZXVvf2Cxtlbd3dvcq9v5BV4lUYtLBggnZD5AijHLS0VQz0k8kQXHASC+YXs793h2Rigp+q7OE+DEacxpRjLSRRnalLRjFGbySKKSE65FddWrOAtCpNZxzz2sa0qzXzxp16BZWFRRoj+z3YShwGpssZkipgesk2s+R1BQzMisPU0UShKdoTAaGchQT5eeLw2fwxCghjIQ0j2u4UL8nchQrlcWBmYyRnqjf3lz8yxukOmr6OeVJqgnHy0VRyqAWcN4CDKkkWLPMEIQlNbdCPEESYW26KpsSvn4K/yddr+YafuNVWxdFHSVwBI7BKXBBA7TANWiDDsAgBQ/gCTxb99aj9WK9LkdXrCJzCH7AevsE1wOTNA==</latexit><latexit sha1_base64="7EP7U2tO7tpxRVGH69ib9MIncAg=">AAAB+HicdVDLSgMxFM34rPXRUZdugkVwVWbGYrssutBlBfuAdiiZTKYNzSRDkhHGoV/ixoUibv0Ud/6NaTuCih4IHM65h3tzgoRRpR3nw1pZXVvf2Cxtlbd3dvcq9v5BV4lUYtLBggnZD5AijHLS0VQz0k8kQXHASC+YXs793h2Rigp+q7OE+DEacxpRjLSRRnalLRjFGbySKKSE65FddWrOAtCpNZxzz2sa0qzXzxp16BZWFRRoj+z3YShwGpssZkipgesk2s+R1BQzMisPU0UShKdoTAaGchQT5eeLw2fwxCghjIQ0j2u4UL8nchQrlcWBmYyRnqjf3lz8yxukOmr6OeVJqgnHy0VRyqAWcN4CDKkkWLPMEIQlNbdCPEESYW26KpsSvn4K/yddr+YafuNVWxdFHSVwBI7BKXBBA7TANWiDDsAgBQ/gCTxb99aj9WK9LkdXrCJzCH7AevsE1wOTNA==</latexit><latexit sha1_base64="7EP7U2tO7tpxRVGH69ib9MIncAg=">AAAB+HicdVDLSgMxFM34rPXRUZdugkVwVWbGYrssutBlBfuAdiiZTKYNzSRDkhHGoV/ixoUibv0Ud/6NaTuCih4IHM65h3tzgoRRpR3nw1pZXVvf2Cxtlbd3dvcq9v5BV4lUYtLBggnZD5AijHLS0VQz0k8kQXHASC+YXs793h2Rigp+q7OE+DEacxpRjLSRRnalLRjFGbySKKSE65FddWrOAtCpNZxzz2sa0qzXzxp16BZWFRRoj+z3YShwGpssZkipgesk2s+R1BQzMisPU0UShKdoTAaGchQT5eeLw2fwxCghjIQ0j2u4UL8nchQrlcWBmYyRnqjf3lz8yxukOmr6OeVJqgnHy0VRyqAWcN4CDKkkWLPMEIQlNbdCPEESYW26KpsSvn4K/yddr+YafuNVWxdFHSVwBI7BKXBBA7TANWiDDsAgBQ/gCTxb99aj9WK9LkdXrCJzCH7AevsE1wOTNA==</latexit><latexit sha1_base64="7EP7U2tO7tpxRVGH69ib9MIncAg=">AAAB+HicdVDLSgMxFM34rPXRUZdugkVwVWbGYrssutBlBfuAdiiZTKYNzSRDkhHGoV/ixoUibv0Ud/6NaTuCih4IHM65h3tzgoRRpR3nw1pZXVvf2Cxtlbd3dvcq9v5BV4lUYtLBggnZD5AijHLS0VQz0k8kQXHASC+YXs793h2Rigp+q7OE+DEacxpRjLSRRnalLRjFGbySKKSE65FddWrOAtCpNZxzz2sa0qzXzxp16BZWFRRoj+z3YShwGpssZkipgesk2s+R1BQzMisPU0UShKdoTAaGchQT5eeLw2fwxCghjIQ0j2u4UL8nchQrlcWBmYyRnqjf3lz8yxukOmr6OeVJqgnHy0VRyqAWcN4CDKkkWLPMEIQlNbdCPEESYW26KpsSvn4K/yddr+YafuNVWxdFHSVwBI7BKXBBA7TANWiDDsAgBQ/gCTxb99aj9WK9LkdXrCJzCH7AevsE1wOTNA==</latexit>

Figure 1: At the core of our imitation learning approach to
human pose prediction is a Generative Adversarial Imita-
tion Learning (GAIL) [15] process. With the critic function
Dw and the policy generator πθ, we alternate between up-
dating Dw (D step) through comparing generated windows
of predicted poses with ground truth, and updating πθ (G
step) through policy gradient over critic scores from Dw.

opment of deep reinforcement learning algorithms, which
have achieved significantly enhanced state-of-the-art per-
formance on many tasks in the areas of game, robotics and
control [28, 35, 36]. These recent deep reinforcement learn-
ing algorithms, including Generative Adversarial Imitation
Learning (GAIL) [15] and Deep Deterministic Policy Gra-
dient [23], enjoy the advantages of generalizing well over
unseen terrains and maintaining strong sequential correla-
tion among local decisions across time. Therefore, in or-
der to overcome the above limitations of the previous meth-
ods for human pose prediction, a natural question to ask
is whether we could build a bridge between reinforcement
learning and sequential modeling, such that we can harness
the great power of deep reinforcement learning algorithms
to help us better model human motion dynamics and pre-
dict human poses from sequential observations. In this pa-
per, we propose a new modeling framework for human mo-
tion dynamics that transforms the task of predicting human
poses into a reinforcement learning problem. The environ-
ment of this reinforcement learning problem cannot pro-
vide feedback signals as the learning agent interacts with
it. All we have during the learning process is a training
dataset consisting of trajectories of human poses recorded
from real human motion. Therefore, we adopt an imitation
learning [33, 52] approach and use the training dataset as
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expert demonstrations for our prediction agent to imitate.
This imitation learning problem of predicting human

poses has several key difficulties: (1) the action space
is continuous-valued and very high-dimensional; (2) the
state space is heterogeneous and encompasses very long se-
quences of historical observations with different lengths; (3)
the expert demonstrations are performed by different human
subjects and thus exhibit large variance across the under-
lying expert policies. To tackle this challenging imitation
learning task, we extend the Generative Adversarial Imita-
tion Learning (see Figure 1) framework with sequence-to-
sequence architectures [39] and Deep Deterministic Policy
Gradient [23] methods to train our prediction agent to make
accurate predictions of human poses. We also use the ef-
ficient behavioral cloning [4] algorithm as pre-training to
expedite the training process.

We evaluate the performance of our proposed imitation
learning algorithm on the popular Human 3.6M dataset
[17]. Our experiments demonstrate that our proposed al-
gorithm outperforms all the previous methods for human
pose prediction by large margins on both short-term and
long-term predictions and sets the new state-of-the-art per-
formance results on the Human 3.6M dataset. The experi-
ments also show that our algorithm has huge advantage in
speed and can be trained much more efficiently compared
to previous algorithms.

To summarize, the main contributions of our work are:
(1) We propose a new reinforcement learning formulation
for the problem of human pose prediction that supports
more accurate predictions over both short-term and long-
term horizons; (2) We develop an imitation learning algo-
rithm for human pose prediction based on this reinforce-
ment learning formulation through a combination of behav-
ioral cloning and generative adversarial imitation learning.
Our algorithm combines the advantages from both learning
frameworks and achieves a good balance between sample
efficiency and policy generalizability; (3) We run exten-
sive experiments on the challenging Human 3.6M dataset
to evaluate the performance of our proposed method, and
show that it outperforms all existing state-of-the-art base-
line models by significant margins.

2. Related Work
Human Motion Prediction: Most of the previous work
on video prediction predict future video sequences by re-
constructing frames at the pixel level [25, 44], and predict
dense trajectories [46], semantic labels [24, 45], or activ-
ity labels [3, 22, 38, 47] in the future. However, human
motion dynamics is better captured by detailed joint loca-
tions (i.e., pose) [1, 27, 32], and is often modeled by ei-
ther state transition models [48, 49] or recurrent neural net-
works [10, 19, 26].

Recently, several works focused on forecasting human
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a1 = ⇡✓(s1)
<latexit sha1_base64="OL9c+85f9QH5SBKQZ89ULcQIsqE=">AAACAHicbZDLSsNAFIYn9VbrrerChZvBItRNSUTQjVJw47KCvUATwmQ6aYdOJmHmRCghG1/FjQtF3PoY7nwbp20W2vrDwMd/zuHM+YNEcA22/W2VVlbX1jfKm5Wt7Z3dver+QUfHqaKsTWMRq15ANBNcsjZwEKyXKEaiQLBuML6d1ruPTGkeyweYJMyLyFDykFMCxvKrR8R38DV2E+5nLowYkLyufefMr9bshj0TXgangBoq1PKrX+4gpmnEJFBBtO47dgJeRhRwKlhecVPNEkLHZMj6BiWJmPay2QE5PjXOAIexMk8Cnrm/JzISaT2JAtMZERjpxdrU/K/WTyG88jIukxSYpPNFYSowxHiaBh5wxSiIiQFCFTd/xXREFKFgMquYEJzFk5ehc95wDN9f1Jo3RRxldIxOUB056BI10R1qoTaiKEfP6BW9WU/Wi/VufcxbS1Yxc4j+yPr8AeiWlU0=</latexit><latexit sha1_base64="OL9c+85f9QH5SBKQZ89ULcQIsqE=">AAACAHicbZDLSsNAFIYn9VbrrerChZvBItRNSUTQjVJw47KCvUATwmQ6aYdOJmHmRCghG1/FjQtF3PoY7nwbp20W2vrDwMd/zuHM+YNEcA22/W2VVlbX1jfKm5Wt7Z3dver+QUfHqaKsTWMRq15ANBNcsjZwEKyXKEaiQLBuML6d1ruPTGkeyweYJMyLyFDykFMCxvKrR8R38DV2E+5nLowYkLyufefMr9bshj0TXgangBoq1PKrX+4gpmnEJFBBtO47dgJeRhRwKlhecVPNEkLHZMj6BiWJmPay2QE5PjXOAIexMk8Cnrm/JzISaT2JAtMZERjpxdrU/K/WTyG88jIukxSYpPNFYSowxHiaBh5wxSiIiQFCFTd/xXREFKFgMquYEJzFk5ehc95wDN9f1Jo3RRxldIxOUB056BI10R1qoTaiKEfP6BW9WU/Wi/VufcxbS1Yxc4j+yPr8AeiWlU0=</latexit><latexit sha1_base64="OL9c+85f9QH5SBKQZ89ULcQIsqE=">AAACAHicbZDLSsNAFIYn9VbrrerChZvBItRNSUTQjVJw47KCvUATwmQ6aYdOJmHmRCghG1/FjQtF3PoY7nwbp20W2vrDwMd/zuHM+YNEcA22/W2VVlbX1jfKm5Wt7Z3dver+QUfHqaKsTWMRq15ANBNcsjZwEKyXKEaiQLBuML6d1ruPTGkeyweYJMyLyFDykFMCxvKrR8R38DV2E+5nLowYkLyufefMr9bshj0TXgangBoq1PKrX+4gpmnEJFBBtO47dgJeRhRwKlhecVPNEkLHZMj6BiWJmPay2QE5PjXOAIexMk8Cnrm/JzISaT2JAtMZERjpxdrU/K/WTyG88jIukxSYpPNFYSowxHiaBh5wxSiIiQFCFTd/xXREFKFgMquYEJzFk5ehc95wDN9f1Jo3RRxldIxOUB056BI10R1qoTaiKEfP6BW9WU/Wi/VufcxbS1Yxc4j+yPr8AeiWlU0=</latexit><latexit sha1_base64="OL9c+85f9QH5SBKQZ89ULcQIsqE=">AAACAHicbZDLSsNAFIYn9VbrrerChZvBItRNSUTQjVJw47KCvUATwmQ6aYdOJmHmRCghG1/FjQtF3PoY7nwbp20W2vrDwMd/zuHM+YNEcA22/W2VVlbX1jfKm5Wt7Z3dver+QUfHqaKsTWMRq15ANBNcsjZwEKyXKEaiQLBuML6d1ruPTGkeyweYJMyLyFDykFMCxvKrR8R38DV2E+5nLowYkLyufefMr9bshj0TXgangBoq1PKrX+4gpmnEJFBBtO47dgJeRhRwKlhecVPNEkLHZMj6BiWJmPay2QE5PjXOAIexMk8Cnrm/JzISaT2JAtMZERjpxdrU/K/WTyG88jIukxSYpPNFYSowxHiaBh5wxSiIiQFCFTd/xXREFKFgMquYEJzFk5ehc95wDN9f1Jo3RRxldIxOUB056BI10R1qoTaiKEfP6BW9WU/Wi/VufcxbS1Yxc4j+yPr8AeiWlU0=</latexit>

a2 = ⇡✓(s2)
<latexit sha1_base64="LGWsyXmbZ10TyTinYIjUNFo9Tj0=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYhLopSREURCi4cVnBXqAJYTKdtEMnkzBzIpTQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/GEquAbH+bZWVtfWNzZLW+Xtnd29ffvgsK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN1O651HpjRP5AOMU+bHZCB5xCkBYwX2MQnq+AZ7KQ9yD4YMyKSqg/p5YFecmjMTXga3gAoq1AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6BiWJmfbz2QETfGacPo4SZZ4EPHN/T+Qk1noch6YzJjDUi7Wp+V+tl0F05edcphkwSeeLokxgSPA0DdznilEQYwOEKm7+iumQKELBZFY2IbiLJy9Du15zDd9fVBrXRRwldIJOURW56BI10B1qohaiaIKe0St6s56sF+vd+pi3rljFzBH6I+vzB+rMlUw=</latexit><latexit sha1_base64="LGWsyXmbZ10TyTinYIjUNFo9Tj0=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYhLopSREURCi4cVnBXqAJYTKdtEMnkzBzIpTQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/GEquAbH+bZWVtfWNzZLW+Xtnd29ffvgsK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN1O651HpjRP5AOMU+bHZCB5xCkBYwX2MQnq+AZ7KQ9yD4YMyKSqg/p5YFecmjMTXga3gAoq1AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6BiWJmfbz2QETfGacPo4SZZ4EPHN/T+Qk1noch6YzJjDUi7Wp+V+tl0F05edcphkwSeeLokxgSPA0DdznilEQYwOEKm7+iumQKELBZFY2IbiLJy9Du15zDd9fVBrXRRwldIJOURW56BI10B1qohaiaIKe0St6s56sF+vd+pi3rljFzBH6I+vzB+rMlUw=</latexit><latexit sha1_base64="LGWsyXmbZ10TyTinYIjUNFo9Tj0=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYhLopSREURCi4cVnBXqAJYTKdtEMnkzBzIpTQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/GEquAbH+bZWVtfWNzZLW+Xtnd29ffvgsK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN1O651HpjRP5AOMU+bHZCB5xCkBYwX2MQnq+AZ7KQ9yD4YMyKSqg/p5YFecmjMTXga3gAoq1AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6BiWJmfbz2QETfGacPo4SZZ4EPHN/T+Qk1noch6YzJjDUi7Wp+V+tl0F05edcphkwSeeLokxgSPA0DdznilEQYwOEKm7+iumQKELBZFY2IbiLJy9Du15zDd9fVBrXRRwldIJOURW56BI10B1qohaiaIKe0St6s56sF+vd+pi3rljFzBH6I+vzB+rMlUw=</latexit><latexit sha1_base64="LGWsyXmbZ10TyTinYIjUNFo9Tj0=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYhLopSREURCi4cVnBXqAJYTKdtEMnkzBzIpTQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/GEquAbH+bZWVtfWNzZLW+Xtnd29ffvgsK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN1O651HpjRP5AOMU+bHZCB5xCkBYwX2MQnq+AZ7KQ9yD4YMyKSqg/p5YFecmjMTXga3gAoq1AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6BiWJmfbz2QETfGacPo4SZZ4EPHN/T+Qk1noch6YzJjDUi7Wp+V+tl0F05edcphkwSeeLokxgSPA0DdznilEQYwOEKm7+iumQKELBZFY2IbiLJy9Du15zDd9fVBrXRRwldIJOURW56BI10B1qohaiaIKe0St6s56sF+vd+pi3rljFzBH6I+vzB+rMlUw=</latexit>

a3 = ⇡✓(s3)
<latexit sha1_base64="qRvkOSw3G3M3Qoa1ydridOzWPTc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBItRNSaygIELBjcsK9gJNCJPppB06uTBzIpSQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/H4iuALL+jZKK6tr6xvlzcrW9s7unrl/0FFxKilr01jEsucTxQSPWBs4CNZLJCOhL1jXH99O691HJhWPoweYJMwNyTDiAacEtOWZR8Rr4BvsJNzLHBgxIHlNeY0zz6xadWsmvAx2AVVUqOWZX84gpmnIIqCCKNW3rQTcjEjgVLC84qSKJYSOyZD1NUYkZMrNZgfk+FQ7AxzEUr8I8Mz9PZGRUKlJ6OvOkMBILdam5n+1fgrBlZvxKEmBRXS+KEgFhhhP08ADLhkFMdFAqOT6r5iOiCQUdGYVHYK9ePIydM7rtub7i2rzuoijjI7RCaohG12iJrpDLdRGFOXoGb2iN+PJeDHejY95a8koZg7RHxmfP+3plU4=</latexit><latexit sha1_base64="qRvkOSw3G3M3Qoa1ydridOzWPTc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBItRNSaygIELBjcsK9gJNCJPppB06uTBzIpSQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/H4iuALL+jZKK6tr6xvlzcrW9s7unrl/0FFxKilr01jEsucTxQSPWBs4CNZLJCOhL1jXH99O691HJhWPoweYJMwNyTDiAacEtOWZR8Rr4BvsJNzLHBgxIHlNeY0zz6xadWsmvAx2AVVUqOWZX84gpmnIIqCCKNW3rQTcjEjgVLC84qSKJYSOyZD1NUYkZMrNZgfk+FQ7AxzEUr8I8Mz9PZGRUKlJ6OvOkMBILdam5n+1fgrBlZvxKEmBRXS+KEgFhhhP08ADLhkFMdFAqOT6r5iOiCQUdGYVHYK9ePIydM7rtub7i2rzuoijjI7RCaohG12iJrpDLdRGFOXoGb2iN+PJeDHejY95a8koZg7RHxmfP+3plU4=</latexit><latexit sha1_base64="qRvkOSw3G3M3Qoa1ydridOzWPTc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBItRNSaygIELBjcsK9gJNCJPppB06uTBzIpSQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/H4iuALL+jZKK6tr6xvlzcrW9s7unrl/0FFxKilr01jEsucTxQSPWBs4CNZLJCOhL1jXH99O691HJhWPoweYJMwNyTDiAacEtOWZR8Rr4BvsJNzLHBgxIHlNeY0zz6xadWsmvAx2AVVUqOWZX84gpmnIIqCCKNW3rQTcjEjgVLC84qSKJYSOyZD1NUYkZMrNZgfk+FQ7AxzEUr8I8Mz9PZGRUKlJ6OvOkMBILdam5n+1fgrBlZvxKEmBRXS+KEgFhhhP08ADLhkFMdFAqOT6r5iOiCQUdGYVHYK9ePIydM7rtub7i2rzuoijjI7RCaohG12iJrpDLdRGFOXoGb2iN+PJeDHejY95a8koZg7RHxmfP+3plU4=</latexit><latexit sha1_base64="qRvkOSw3G3M3Qoa1ydridOzWPTc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBItRNSaygIELBjcsK9gJNCJPppB06uTBzIpSQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/H4iuALL+jZKK6tr6xvlzcrW9s7unrl/0FFxKilr01jEsucTxQSPWBs4CNZLJCOhL1jXH99O691HJhWPoweYJMwNyTDiAacEtOWZR8Rr4BvsJNzLHBgxIHlNeY0zz6xadWsmvAx2AVVUqOWZX84gpmnIIqCCKNW3rQTcjEjgVLC84qSKJYSOyZD1NUYkZMrNZgfk+FQ7AxzEUr8I8Mz9PZGRUKlJ6OvOkMBILdam5n+1fgrBlZvxKEmBRXS+KEgFhhhP08ADLhkFMdFAqOT6r5iOiCQUdGYVHYK9ePIydM7rtub7i2rzuoijjI7RCaohG12iJrpDLdRGFOXoGb2iN+PJeDHejY95a8koZg7RHxmfP+3plU4=</latexit>

a4 = ⇡✓(s4)
<latexit sha1_base64="rreV7yEbJsbn+ys6jIWjuAU4VL0=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYhLopiRQURCi4cVnBXqAJYTKdtEMnkzBzIpTQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/GEquAbH+bZWVtfWNzZLW+Xtnd29ffvgsK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN1O651HpjRP5AOMU+bHZCB5xCkBYwX2MQnq+AZ7KQ9yD4YMyKSqg/p5YFecmjMTXga3gAoq1AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6BiWJmfbz2QETfGacPo4SZZ4EPHN/T+Qk1noch6YzJjDUi7Wp+V+tl0F05edcphkwSeeLokxgSPA0DdznilEQYwOEKm7+iumQKELBZFY2IbiLJy9D+6LmGr6vVxrXRRwldIJOURW56BI10B1qohaiaIKe0St6s56sF+vd+pi3rljFzBH6I+vzB/EGlVA=</latexit><latexit sha1_base64="rreV7yEbJsbn+ys6jIWjuAU4VL0=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYhLopiRQURCi4cVnBXqAJYTKdtEMnkzBzIpTQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/GEquAbH+bZWVtfWNzZLW+Xtnd29ffvgsK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN1O651HpjRP5AOMU+bHZCB5xCkBYwX2MQnq+AZ7KQ9yD4YMyKSqg/p5YFecmjMTXga3gAoq1AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6BiWJmfbz2QETfGacPo4SZZ4EPHN/T+Qk1noch6YzJjDUi7Wp+V+tl0F05edcphkwSeeLokxgSPA0DdznilEQYwOEKm7+iumQKELBZFY2IbiLJy9D+6LmGr6vVxrXRRwldIJOURW56BI10B1qohaiaIKe0St6s56sF+vd+pi3rljFzBH6I+vzB/EGlVA=</latexit><latexit sha1_base64="rreV7yEbJsbn+ys6jIWjuAU4VL0=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYhLopiRQURCi4cVnBXqAJYTKdtEMnkzBzIpTQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/GEquAbH+bZWVtfWNzZLW+Xtnd29ffvgsK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN1O651HpjRP5AOMU+bHZCB5xCkBYwX2MQnq+AZ7KQ9yD4YMyKSqg/p5YFecmjMTXga3gAoq1AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6BiWJmfbz2QETfGacPo4SZZ4EPHN/T+Qk1noch6YzJjDUi7Wp+V+tl0F05edcphkwSeeLokxgSPA0DdznilEQYwOEKm7+iumQKELBZFY2IbiLJy9D+6LmGr6vVxrXRRwldIJOURW56BI10B1qohaiaIKe0St6s56sF+vd+pi3rljFzBH6I+vzB/EGlVA=</latexit><latexit sha1_base64="rreV7yEbJsbn+ys6jIWjuAU4VL0=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYhLopiRQURCi4cVnBXqAJYTKdtEMnkzBzIpTQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/GEquAbH+bZWVtfWNzZLW+Xtnd29ffvgsK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN1O651HpjRP5AOMU+bHZCB5xCkBYwX2MQnq+AZ7KQ9yD4YMyKSqg/p5YFecmjMTXga3gAoq1AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6BiWJmfbz2QETfGacPo4SZZ4EPHN/T+Qk1noch6YzJjDUi7Wp+V+tl0F05edcphkwSeeLokxgSPA0DdznilEQYwOEKm7+iumQKELBZFY2IbiLJy9D+6LmGr6vVxrXRRwldIJOURW56BI10B1qohaiaIKe0St6s56sF+vd+pi3rljFzBH6I+vzB/EGlVA=</latexit>

⇡✓
<latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit>

⇡✓
<latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit>

⇡✓
<latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit>

⇡✓
<latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit><latexit sha1_base64="BwMQP1r8UE9VGk7lQ2fjI9Bl5KQ=">AAAB83icbZBNSwMxEIZn/az1q+rRS7AInsquCPVY8OKxgv2A7lKyadqGZrMhmRXK0r/hxYMiXv0z3vw3pu0etPWFwMM7M8zkjbUUFn3/29vY3Nre2S3tlfcPDo+OKyenbZtmhvEWS2VqujG1XArFWyhQ8q42nCax5J14cjevd564sSJVjzjVPEroSImhYBSdFYZa9PMQxxzprF+p+jV/IbIOQQFVKNTsV77CQcqyhCtkklrbC3yNUU4NCib5rBxmlmvKJnTEew4VTbiN8sXNM3LpnAEZpsY9hWTh/p7IaWLtNIldZ0JxbFdrc/O/Wi/D4W2UC6Uz5IotFw0zSTAl8wDIQBjOUE4dUGaEu5WwMTWUoYup7EIIVr+8Du3rWuD44abaqBdxlOAcLuAKAqhDA+6hCS1goOEZXuHNy7wX7937WLZueMXMGfyR9/kDb6OR5Q==</latexit>

s2
<latexit sha1_base64="OI/WaDoyIo8lh9wHnB4dQAp0xbI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSItSTFLx4rGg/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsntvN554tqIWD3iNOF+REdKhIJRtNaDGdQG5YpbdRci6+DlUIFczUH5qz+MWRpxhUxSY3qem6CfUY2CST4r9VPDE8omdMR7FhWNuPGzxaozcmGdIQljbZ9CsnB/T2Q0MmYaBbYzojg2q7W5+V+tl2J47WdCJSlyxZYfhakkGJP53WQoNGcopxYo08LuStiYasrQplOyIXirJ69Du1b1LN9fVRo3eRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+R8/gAEZI2Y</latexit><latexit sha1_base64="OI/WaDoyIo8lh9wHnB4dQAp0xbI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSItSTFLx4rGg/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsntvN554tqIWD3iNOF+REdKhIJRtNaDGdQG5YpbdRci6+DlUIFczUH5qz+MWRpxhUxSY3qem6CfUY2CST4r9VPDE8omdMR7FhWNuPGzxaozcmGdIQljbZ9CsnB/T2Q0MmYaBbYzojg2q7W5+V+tl2J47WdCJSlyxZYfhakkGJP53WQoNGcopxYo08LuStiYasrQplOyIXirJ69Du1b1LN9fVRo3eRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+R8/gAEZI2Y</latexit><latexit sha1_base64="OI/WaDoyIo8lh9wHnB4dQAp0xbI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSItSTFLx4rGg/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsntvN554tqIWD3iNOF+REdKhIJRtNaDGdQG5YpbdRci6+DlUIFczUH5qz+MWRpxhUxSY3qem6CfUY2CST4r9VPDE8omdMR7FhWNuPGzxaozcmGdIQljbZ9CsnB/T2Q0MmYaBbYzojg2q7W5+V+tl2J47WdCJSlyxZYfhakkGJP53WQoNGcopxYo08LuStiYasrQplOyIXirJ69Du1b1LN9fVRo3eRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+R8/gAEZI2Y</latexit><latexit sha1_base64="OI/WaDoyIo8lh9wHnB4dQAp0xbI=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FSSItSTFLx4rGg/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDtr6wsLDOzPszBskUhh03W+nsLG5tb1T3C3t7R8cHpWPT9omTjXjLRbLWHcDargUirdQoOTdRHMaBZJ3gsntvN554tqIWD3iNOF+REdKhIJRtNaDGdQG5YpbdRci6+DlUIFczUH5qz+MWRpxhUxSY3qem6CfUY2CST4r9VPDE8omdMR7FhWNuPGzxaozcmGdIQljbZ9CsnB/T2Q0MmYaBbYzojg2q7W5+V+tl2J47WdCJSlyxZYfhakkGJP53WQoNGcopxYo08LuStiYasrQplOyIXirJ69Du1b1LN9fVRo3eRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+R8/gAEZI2Y</latexit>

s3
<latexit sha1_base64="oob3E0vtozVXlIQwFvfGg118WwA=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSLehJCl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvB9C/75Ypbdeciq+DlUIFcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7FhWNuPGz+apTcmadAQljbZ9CMnd/T2Q0MmYSBbYzojgyy7WZ+V+tm2J47WdCJSlyxRYfhakkGJPZ3WQgNGcoJxYo08LuStiIasrQplOyIXjLJ69C66LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sj5/AEF6I2Z</latexit><latexit sha1_base64="oob3E0vtozVXlIQwFvfGg118WwA=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSLehJCl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvB9C/75Ypbdeciq+DlUIFcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7FhWNuPGz+apTcmadAQljbZ9CMnd/T2Q0MmYSBbYzojgyy7WZ+V+tm2J47WdCJSlyxRYfhakkGJPZ3WQgNGcoJxYo08LuStiIasrQplOyIXjLJ69C66LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sj5/AEF6I2Z</latexit><latexit sha1_base64="oob3E0vtozVXlIQwFvfGg118WwA=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSLehJCl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvB9C/75Ypbdeciq+DlUIFcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7FhWNuPGz+apTcmadAQljbZ9CMnd/T2Q0MmYSBbYzojgyy7WZ+V+tm2J47WdCJSlyxRYfhakkGJPZ3WQgNGcoJxYo08LuStiIasrQplOyIXjLJ69C66LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sj5/AEF6I2Z</latexit><latexit sha1_base64="oob3E0vtozVXlIQwFvfGg118WwA=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSLehJCl48VrQf0Iay2W7apZtN2J0IJfQnePGgiFd/kTf/jds2B219YeHhnRl25g0SKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy0Tp5rxJotlrDsBNVwKxZsoUPJOojmNAsnbwfh2Vm8/cW1ErB5xknA/okMlQsEoWuvB9C/75Ypbdeciq+DlUIFcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7FhWNuPGz+apTcmadAQljbZ9CMnd/T2Q0MmYSBbYzojgyy7WZ+V+tm2J47WdCJSlyxRYfhakkGJPZ3WQgNGcoJxYo08LuStiIasrQplOyIXjLJ69C66LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sj5/AEF6I2Z</latexit>

s4
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Figure 2: Illustration of progressive prediction and our re-
inforcement learning formulation of human pose prediction
using an example pose prediction task with length of past
observations t = 3, length of total future predictions l = 8
and size of step-wise prediction windows m = 2.

poses in videos [5–7, 19, 26, 47]. Chao et al. [6] proposed
a 3D Pose Forecasting Network on static images; Barsoum
et al. [5] took a probabilistic approach for pose prediction
using Wasserstein GAN [2]; Walker et al. [47] proposed a
variational autoencoder solution; Fragkiadaki et al. [9] pro-
posed two architectures denoted by LSTM-3LR (3 layers of
LSTM cells) and ERD (Encoder-Recurrent-Decoder); Yan
et al. [51] and Zhao et al. [53] proposed methods for longer
time prediction; Martinez et al. [26] used a carefully tai-
lored RNN to learn human motion prediction; and Chiu et
al. [7] proposed a multi-layer hierarchical RNN architec-
ture (denoted by TP-RNN) to capture human dynamics. In
contrast, instead of training a fully supervised model, in this
work we introduce the unsupervised GAIL framework into
our training process to enhance the generalizability of our
learned prediction policy.
Reinforcement Learning for Prediction: Methods of re-
inforcement learning [23, 28, 29, 40] and imitation learn-
ing [15, 33] have been used for predicting future informa-
tion in videos in different forms. For instance, DeepMimic
[30] proposed a physics-based method for policy genera-
tion that is capable of tracking and motion capture. Other
works such as R2P2 [31] and Tai et al. [41] used generative
models with Wasserstein reformulation to perform naviga-
tion and forward path planning. Differently, in this work
we reformulate sequential pose prediction into a reinforce-
ment learning problem and train a prediction policy through
imitation learning approaches.

3. Pose Prediction as Reinforcement Learning
In this section, we introduce how to transform human

pose prediction into a reinforcement learning problem [40].
The core task of human pose prediction is the following:
given a sequence of past pose observations {x1, x2, . . . , xt}
of length t from a human subject, predict the future pose
sequence {xt+1, xt+2, . . . , xt+l} up to length l. Most pre-
vious work adopts an end-to-end approach to train either a



single recurrent neural network or a pair of encoder-decoder
RNNs to output the whole length-l prediction sequence
{xt+1, xt+2, . . . , xt+l} after reading in the historical se-
quence {x1, x2, . . . , xt} [7, 19, 26]. In contrast, under our
new reinforcement learning formulation, we evenly break
the whole prediction sequence {xt+1, xt+2, . . . , xt+l} into
multiple steps. In each step, we only make predictions over
a small window of future poses conditioned on all observed
and predicted pose information so far. This transformation
turns our pose prediction task into a sequential decision-
making problem, where reinforcement learning algorithms
can naturally come into play.

More formally, suppose we divide the whole predic-
tion sequence into K steps, then each step would cor-
respond to a window of m = l

K pose vectors (with-
out loss of generality, assume that l is divisible by K).
We now define a Markov Decision Process (MDP) [40]
to model the generation of the pose prediction sequence.
At each step i, where i ∈ {1, 2, . . . ,K}, the state of
the MDP is defined as the list of all previous pose vec-
tors: si = {x1, x2, . . . , xt+(i−1)×m} and the action of
the MDP is defined as the next length-m window of pose
vectors that the learning agent needs to predict: ai =
{xt+(i−1)×m+1, . . . , xt+i×m}. The transition dynamic of
this MDP is deterministic, which means that at each step
i, taking an action ai = {xt+(i−1)×m+1, . . . , xt+i×m}
at state si = {x1, x2, . . . , xt+(i−1)×m} would determin-
istically transition the MDP into the new state si+1 =
{x1, x2, . . . , xt+i×m} at step i + 1. The new state si+1 is
formed by appending the action ai to the end of the current
state si. This MDP process of progressive prediction is
illustrated in Figure 2.
Motivation: There are three key motivations behind this re-
inforcement learning formulation of the human pose predic-
tion problem. First, through breaking the long prediction se-
quence into smaller pieces of pose windows, at each step the
prediction agent only needs to focus on learning to predict
a much shorter period of time into the future, which greatly
reduces the difficulty of prediction for the agent. Second,
the strong sequential correlation across different actions in
a MDP guarantees that our agent’s prediction policy will
not only focus on short-term prediction accuracy but also
takes long-term prediction performance into consideration.
Third, only through this formulation can we apply the un-
supervised GAIL approach to enhance the generalizability
of our pose prediction policy over unseen domains.

4. Imitation Learning for Predicting Human
Pose Sequences

Now that we have formulated human pose prediction into
a reinforcement learning problem, in this section, we de-
velop an imitation learning method to train the prediction
policy under this new reinforcement learning formulation.

4.1. Deterministic Policy

Under our formulation, the policy of our reinforcement
learning agent would be a mapping from the space of all
possible states S to the space of all possible actionsA. This
policy can be either deterministic or stochastic. Under our
current setting of human pose prediction, stochastic policies
[40] are not suitable because the dimensionality of the ac-
tion spaceA is very high. So we decide to use deterministic
policies in our imitation learning algorithms for human pose
prediction. Formally, the policy of our prediction agent is a
function a = πθ(s) that maps each possible state s in S to a
single action a in A, where θ denotes the parameters of this
policy mapping function.

4.2. Behavioral Cloning

A classical approach to imitation learning is behavioral
cloning (BC) [4, 33], where a policy is trained using super-
vised learning methods to minimize the distance between
its generated actions and the expert’s actions under the state
distribution encountered by the expert. Let the expert policy
function be πE and the state distribution encountered by the
expert be dπE , then a behavioral cloning algorithm tries to
find an optimal policy πθ∗ such that:

πθ∗ = argmin
πθ∈Π

Es∼dπE
[
l
(
πθ(s), πE(s)

)]
, (1)

where l is a loss function that measures the distance between
two action vectors in the action space A.

BC enjoys the advantage of being highly sample-
efficient and fast to compute [34], since it aims to directly
match the learning agent’s policy with the expert’s pol-
icy at every state that appears in the repository of expert-
demonstrated trajectories. However, there are some caveats
associated with BC. The first problem is the generalization
issue — the agent’s policy may be overfitted to the expert’s
demonstrations in the areas of the state space that the expert
traversed, and thus may not generalize well to areas outside
the expert’s experience. Second, behavioral cloning opti-
mizes the agent’s policy at each individual state separately
and ignores the sequential correlation across different steps
in a trajectory, which tends to make the agent’s policy short-
sighted. To tackle these problems, we introduce generative
adversarial training into our algorithm and use an adapted
version of GAIL to further optimize our agent’s policy.

4.3. Generative Adversarial Imitation Learning

Generative Adversarial Imitation Learning (GAIL) is a
popular model-free imitation learning framework that was
recently proposed by Ho and Ermon [15] and is inspired
by the success of Generative Adversarial Networks (GAN)
[12]. At its core, GAIL takes an inverse reinforcement
learning [29] approach to the problem of imitation learning,



where it aims to first recover an estimate of the reward sig-
nals underlying the MDP from the expert’s demonstration
and then learns to optimize the agent’s policy using the re-
wards signals that it recovered. Directly estimating reward
functions from expert demonstration in high-dimensional
and complex state-action space is intractable, so GAIL turns
the inverse reinforcement learning problem into its equiva-
lent dual problem of occupancy measure matching, where
the agent seeks to match the distribution of state-action pairs
(called occupancy measure) generated by its own policy to
the distribution generated by the expert’s policy [15]. In
its original formulation, GAIL employs a generative adver-
sarial training process to iteratively minimize the Jensen-
Shannon divergence between the two distributions, and its
learning objective is:

min
πθ

max
Dw ∈ S×A→(0,1)

(
Eπθ [log(Dw(s, a))]

+ EπE [log(1−Dw(s, a))]− λH(πθ)
)
, (2)

where Dw can be interpreted as a discriminative clas-
sifier trying to distinguish between state-action pairs gener-
ated from the agent’s policy and state-action pairs generated
from the expert’s policy, and H(πθ) denotes the discounted
causal entropy of the policy πθ. Then in analogy to the train-
ing of GANs, during actual implementation, a GAIL algo-
rithm will alternate between a D step that updates the dis-
criminator parameter w to maximize Eπθ [log(Dw(s, a))] +
EπE [log(1 −Dw(s, a))], and a G step that updates the pa-
rameter θ of the policy generator πθ using policy gradient
methods such as Trust Region Policy Optimization (TRPO)
[35] or Proximal Policy Optimization (PPO) [36] in order
to minimize Eπθ [log(Dw(s, a))] + λH(πθ), until the sys-
tem reaches a saddle point (see Figure 1). Previous work
shows that GAIL often tends to generalize better than BC
and achieves superior performance on complex tasks.

However, in our human pose prediction scenario, there
are two major difficulties that hinder the effective applica-
tion of the original GAIL algorithm. First, the human mo-
tion dynamics is highly complex, and thus our randomly ini-
tialized policy generator will be vastly different from the ex-
pert’s policy at the beginning of GAIL training. This means
that at the early stage of GAIL training, it is very likely that
the policy generator manifold would have no non-negligible
intersection with the expert manifold at all. This issue will
let the Jensen-Shannon divergence to saturate quickly and
cause the severe problem of vanishing gradients for the dis-
criminator [2]. Second, the dimensionality of our action
spaceA is very high, which makes the sampling-based pol-
icy gradient reinforcement learning algorithms like TRPO
and PPO no longer applicable in practice. Therefore, we
adapt GAIL to a specific new form to fit the needs of our
human pose prediction task, which we call WGAIL-div.
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Figure 3: Seq2Seq architecture of our policy generator.

4.4. Adapted WGAIL-div

The problem of non-overlapping manifolds and vanish-
ing gradients for the discriminator has long been studied
for GANs [2], and several new GAN training frameworks
based on Wasserstein distances between distributions has
been proposed to overcome this problem. Some of the
notable ones are Wasserstein GAN (WGAN) [2], Wasser-
stein GAN with gradient penalty (WGAN-gp) [13], and
Wasserstein-divergence GAN (WGAN-div) [50]. This se-
ries of Wasserstein-based GANs changes the discriminator
of GANs from a classifier that tries to distinguish between
real and fake samples and outputs probability values be-
tween 0 and 1 into a critic function that directly outputs real
numbers in (−∞,+∞), and uses different methods to en-
force the Lipschitz constraint on the critic function. In this
work, we borrow the formulation of WGAN-div [50] into
GAIL to construct an improved version of GAIL named
WGAIL-div. More specifically, the objective function of
our WGAIL-div algorithm is:

min
πθ

max
Dw ∈ S×A→R

(
Eπθ [Dw(s, a)]− EπE [Dw(s, a)]

− k E
(ŝ,â)∼Pu

[‖∇(ŝ,â)Dw((ŝ, â))‖p]
)
, (3)

where Pu is the distribution obtained by sampling uni-
formly from the straight lines connecting points of state-
action pairs generated by the policy generator and points of
state-action pairs in expert demonstration in the state-action
space S × A, and k and p are hyperparameters that adjust
the level of Lipschitz-constraint regularization. Note that in
this WGAIL-div objective function we no longer have the
causal entropy term H(πθ) that appears in (2), since we use
deterministic policies that have constant causal entropies.

In our implementation of WGAIL-div, we alternate be-
tween a D step that updates the discriminator param-
eter w to maximize Eπθ [Dw(s, a)] − EπE [Dw(s, a)] −
k E

(ŝ,â)∼Pu
[‖∇(ŝ,â)Dw((ŝ, â))‖p], and a G step that updates

the parameter θ of the policy generator πθ to minimize
Eπθ [Dw(s, a)]. As mentioned in the second problem fac-
ing GAIL above, for the G step, the classic sampling-based
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<latexit sha1_base64="TtlC6Vl58zNpjsTqyq+PHy6LPKc=">AAAB+XicbZBNS8NAEIYnftb6FfXoZbEInkrSix4LXjxWsB/QhrLZTNulm03Y3RRK6D/x4kERr/4Tb/4bN20O2vrCwsM7M8zsG6aCa+N5387W9s7u3n7loHp4dHxy6p6dd3SSKYZtlohE9UKqUXCJbcONwF6qkMahwG44vS/q3RkqzRP5ZOYpBjEdSz7ijBprDV2XsgIIxiFGEZfjoVvz6t5SZBP8EmpQqjV0vwZRwrIYpWGCat33vdQEOVWGM4GL6iDTmFI2pWPsW5Q0Rh3ky8sX5No6ERklyj5pyNL9PZHTWOt5HNrOmJqJXq8V5n+1fmZGd0HOZZoZlGy1aJQJYhJSxEAirpAZMbdAmeL2VsImVNk0bFhVG4K//uVN6DTqvuXHRq3ZKOOowCVcwQ34cAtNeIAWtIHBDJ7hFd6c3Hlx3p2PVeuWU85cwB85nz9wk5N2</latexit><latexit sha1_base64="TtlC6Vl58zNpjsTqyq+PHy6LPKc=">AAAB+XicbZBNS8NAEIYnftb6FfXoZbEInkrSix4LXjxWsB/QhrLZTNulm03Y3RRK6D/x4kERr/4Tb/4bN20O2vrCwsM7M8zsG6aCa+N5387W9s7u3n7loHp4dHxy6p6dd3SSKYZtlohE9UKqUXCJbcONwF6qkMahwG44vS/q3RkqzRP5ZOYpBjEdSz7ijBprDV2XsgIIxiFGEZfjoVvz6t5SZBP8EmpQqjV0vwZRwrIYpWGCat33vdQEOVWGM4GL6iDTmFI2pWPsW5Q0Rh3ky8sX5No6ERklyj5pyNL9PZHTWOt5HNrOmJqJXq8V5n+1fmZGd0HOZZoZlGy1aJQJYhJSxEAirpAZMbdAmeL2VsImVNk0bFhVG4K//uVN6DTqvuXHRq3ZKOOowCVcwQ34cAtNeIAWtIHBDJ7hFd6c3Hlx3p2PVeuWU85cwB85nz9wk5N2</latexit><latexit sha1_base64="TtlC6Vl58zNpjsTqyq+PHy6LPKc=">AAAB+XicbZBNS8NAEIYnftb6FfXoZbEInkrSix4LXjxWsB/QhrLZTNulm03Y3RRK6D/x4kERr/4Tb/4bN20O2vrCwsM7M8zsG6aCa+N5387W9s7u3n7loHp4dHxy6p6dd3SSKYZtlohE9UKqUXCJbcONwF6qkMahwG44vS/q3RkqzRP5ZOYpBjEdSz7ijBprDV2XsgIIxiFGEZfjoVvz6t5SZBP8EmpQqjV0vwZRwrIYpWGCat33vdQEOVWGM4GL6iDTmFI2pWPsW5Q0Rh3ky8sX5No6ERklyj5pyNL9PZHTWOt5HNrOmJqJXq8V5n+1fmZGd0HOZZoZlGy1aJQJYhJSxEAirpAZMbdAmeL2VsImVNk0bFhVG4K//uVN6DTqvuXHRq3ZKOOowCVcwQ34cAtNeIAWtIHBDJ7hFd6c3Hlx3p2PVeuWU85cwB85nz9wk5N2</latexit><latexit sha1_base64="TtlC6Vl58zNpjsTqyq+PHy6LPKc=">AAAB+XicbZBNS8NAEIYnftb6FfXoZbEInkrSix4LXjxWsB/QhrLZTNulm03Y3RRK6D/x4kERr/4Tb/4bN20O2vrCwsM7M8zsG6aCa+N5387W9s7u3n7loHp4dHxy6p6dd3SSKYZtlohE9UKqUXCJbcONwF6qkMahwG44vS/q3RkqzRP5ZOYpBjEdSz7ijBprDV2XsgIIxiFGEZfjoVvz6t5SZBP8EmpQqjV0vwZRwrIYpWGCat33vdQEOVWGM4GL6iDTmFI2pWPsW5Q0Rh3ky8sX5No6ERklyj5pyNL9PZHTWOt5HNrOmJqJXq8V5n+1fmZGd0HOZZoZlGy1aJQJYhJSxEAirpAZMbdAmeL2VsImVNk0bFhVG4K//uVN6DTqvuXHRq3ZKOOowCVcwQ34cAtNeIAWtIHBDJ7hFd6c3Hlx3p2PVeuWU85cwB85nz9wk5N2</latexit>

concatenate

…LSTM LSTM

… … …

state si
<latexit sha1_base64="vbHNn31ZZ33sVPiQnudHXPNWuQU=">AAAB83icbZA9TwJBEIbn8AvxC7W02QgmVuSORu1IbCwxETCBC9lb5mDD3kd250wI4W/YWGiMrX/Gzn/jAlco+CabPHlnJjP7BqmShlz32ylsbG5t7xR3S3v7B4dH5eOTtkkyLbAlEpXox4AbVDLGFklS+Jhq5FGgsBOMb+f1zhNqI5P4gSYp+hEfxjKUgpO1eoY4Iauavqyyfrni1tyF2Dp4OVQgV7Nf/uoNEpFFGJNQ3Jiu56bkT7kmKRTOSr3MYMrFmA+xazHmERp/urh5xi6sM2Bhou2LiS3c3xNTHhkziQLbGXEamdXa3Pyv1s0ovPanMk4zwlgsF4WZYpSweQBsIDUKUhMLXGhpb2VixDUXZGMq2RC81S+vQ7te8yzf1yuNmzyOIpzBOVyCB1fQgDtoQgsEpPAMr/DmZM6L8+58LFsLTj5zCn/kfP4AwdGQyw==</latexit><latexit sha1_base64="vbHNn31ZZ33sVPiQnudHXPNWuQU=">AAAB83icbZA9TwJBEIbn8AvxC7W02QgmVuSORu1IbCwxETCBC9lb5mDD3kd250wI4W/YWGiMrX/Gzn/jAlco+CabPHlnJjP7BqmShlz32ylsbG5t7xR3S3v7B4dH5eOTtkkyLbAlEpXox4AbVDLGFklS+Jhq5FGgsBOMb+f1zhNqI5P4gSYp+hEfxjKUgpO1eoY4Iauavqyyfrni1tyF2Dp4OVQgV7Nf/uoNEpFFGJNQ3Jiu56bkT7kmKRTOSr3MYMrFmA+xazHmERp/urh5xi6sM2Bhou2LiS3c3xNTHhkziQLbGXEamdXa3Pyv1s0ovPanMk4zwlgsF4WZYpSweQBsIDUKUhMLXGhpb2VixDUXZGMq2RC81S+vQ7te8yzf1yuNmzyOIpzBOVyCB1fQgDtoQgsEpPAMr/DmZM6L8+58LFsLTj5zCn/kfP4AwdGQyw==</latexit><latexit sha1_base64="vbHNn31ZZ33sVPiQnudHXPNWuQU=">AAAB83icbZA9TwJBEIbn8AvxC7W02QgmVuSORu1IbCwxETCBC9lb5mDD3kd250wI4W/YWGiMrX/Gzn/jAlco+CabPHlnJjP7BqmShlz32ylsbG5t7xR3S3v7B4dH5eOTtkkyLbAlEpXox4AbVDLGFklS+Jhq5FGgsBOMb+f1zhNqI5P4gSYp+hEfxjKUgpO1eoY4Iauavqyyfrni1tyF2Dp4OVQgV7Nf/uoNEpFFGJNQ3Jiu56bkT7kmKRTOSr3MYMrFmA+xazHmERp/urh5xi6sM2Bhou2LiS3c3xNTHhkziQLbGXEamdXa3Pyv1s0ovPanMk4zwlgsF4WZYpSweQBsIDUKUhMLXGhpb2VixDUXZGMq2RC81S+vQ7te8yzf1yuNmzyOIpzBOVyCB1fQgDtoQgsEpPAMr/DmZM6L8+58LFsLTj5zCn/kfP4AwdGQyw==</latexit><latexit sha1_base64="vbHNn31ZZ33sVPiQnudHXPNWuQU=">AAAB83icbZA9TwJBEIbn8AvxC7W02QgmVuSORu1IbCwxETCBC9lb5mDD3kd250wI4W/YWGiMrX/Gzn/jAlco+CabPHlnJjP7BqmShlz32ylsbG5t7xR3S3v7B4dH5eOTtkkyLbAlEpXox4AbVDLGFklS+Jhq5FGgsBOMb+f1zhNqI5P4gSYp+hEfxjKUgpO1eoY4Iauavqyyfrni1tyF2Dp4OVQgV7Nf/uoNEpFFGJNQ3Jiu56bkT7kmKRTOSr3MYMrFmA+xazHmERp/urh5xi6sM2Bhou2LiS3c3xNTHhkziQLbGXEamdXa3Pyv1s0ovPanMk4zwlgsF4WZYpSweQBsIDUKUhMLXGhpb2VixDUXZGMq2RC81S+vQ7te8yzf1yuNmzyOIpzBOVyCB1fQgDtoQgsEpPAMr/DmZM6L8+58LFsLTj5zCn/kfP4AwdGQyw==</latexit>

action ai
<latexit sha1_base64="L6dz62kMJzbmmyoLciPLPwrRceA=">AAAB9HicbZDNTgIxFIXv4B/iH+rSTSOYuCIzbNQdiRuXmAiYwITcKR1o6HTGtkNCJjyHGxca49aHcefb2AEWCt6k6Zdz7k1vT5AIro3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqihr0VjE6jFAzQSXrGW4EewxUQyjQLBOML7N/c6EKc1j+WCmCfMjHEoecorGSj7S/CJV7PMq6Zcrbs2dF1kHbwkVWFazX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5V6qWYJ0jEOWdeixIhpP5svPSMXVhmQMFb2SEPm6u+JDCOtp1FgOyM0I73q5eJ/Xjc14bWfcZmkhkm6eChMBTExyRMgA64YNWJqAanidldCR6hsFDankg3BW/3yOrTrNc/yfb3SuFnGUYQzOIdL8OAKGnAHTWgBhSd4hld4cybOi/PufCxaC85y5hT+lPP5A1x5kSA=</latexit><latexit sha1_base64="L6dz62kMJzbmmyoLciPLPwrRceA=">AAAB9HicbZDNTgIxFIXv4B/iH+rSTSOYuCIzbNQdiRuXmAiYwITcKR1o6HTGtkNCJjyHGxca49aHcefb2AEWCt6k6Zdz7k1vT5AIro3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqihr0VjE6jFAzQSXrGW4EewxUQyjQLBOML7N/c6EKc1j+WCmCfMjHEoecorGSj7S/CJV7PMq6Zcrbs2dF1kHbwkVWFazX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5V6qWYJ0jEOWdeixIhpP5svPSMXVhmQMFb2SEPm6u+JDCOtp1FgOyM0I73q5eJ/Xjc14bWfcZmkhkm6eChMBTExyRMgA64YNWJqAanidldCR6hsFDankg3BW/3yOrTrNc/yfb3SuFnGUYQzOIdL8OAKGnAHTWgBhSd4hld4cybOi/PufCxaC85y5hT+lPP5A1x5kSA=</latexit><latexit sha1_base64="L6dz62kMJzbmmyoLciPLPwrRceA=">AAAB9HicbZDNTgIxFIXv4B/iH+rSTSOYuCIzbNQdiRuXmAiYwITcKR1o6HTGtkNCJjyHGxca49aHcefb2AEWCt6k6Zdz7k1vT5AIro3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqihr0VjE6jFAzQSXrGW4EewxUQyjQLBOML7N/c6EKc1j+WCmCfMjHEoecorGSj7S/CJV7PMq6Zcrbs2dF1kHbwkVWFazX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5V6qWYJ0jEOWdeixIhpP5svPSMXVhmQMFb2SEPm6u+JDCOtp1FgOyM0I73q5eJ/Xjc14bWfcZmkhkm6eChMBTExyRMgA64YNWJqAanidldCR6hsFDankg3BW/3yOrTrNc/yfb3SuFnGUYQzOIdL8OAKGnAHTWgBhSd4hld4cybOi/PufCxaC85y5hT+lPP5A1x5kSA=</latexit><latexit sha1_base64="L6dz62kMJzbmmyoLciPLPwrRceA=">AAAB9HicbZDNTgIxFIXv4B/iH+rSTSOYuCIzbNQdiRuXmAiYwITcKR1o6HTGtkNCJjyHGxca49aHcefb2AEWCt6k6Zdz7k1vT5AIro3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqihr0VjE6jFAzQSXrGW4EewxUQyjQLBOML7N/c6EKc1j+WCmCfMjHEoecorGSj7S/CJV7PMq6Zcrbs2dF1kHbwkVWFazX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5V6qWYJ0jEOWdeixIhpP5svPSMXVhmQMFb2SEPm6u+JDCOtp1FgOyM0I73q5eJ/Xjc14bWfcZmkhkm6eChMBTExyRMgA64YNWJqAanidldCR6hsFDankg3BW/3yOrTrNc/yfb3SuFnGUYQzOIdL8OAKGnAHTWgBhSd4hld4cybOi/PufCxaC85y5hT+lPP5A1x5kSA=</latexit>

Dw(si, ai)
<latexit sha1_base64="zDTrwCBl0Q366h3rzXHCQdGpgmc=">AAAB9HicbZDLSsNAFIZP6q3WW9Slm8EiVJCSiKDuCrpwWcFeoA1hMp20QyeTODOplNDncONCEbc+jDvfxmmbhbb+MPDxn3M4Z/4g4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8mdZbIyoVi8WDHifUi3BfsJARrI3l3fpPFeWzM4R9durbZafqzISWwc2hDLnqvv3V7cUkjajQhGOlOq6TaC/DUjPC6aTUTRVNMBniPu0YFDiiystmR0/QiXF6KIyleUKjmft7IsORUuMoMJ0R1gO1WJua/9U6qQ6vvIyJJNVUkPmiMOVIx2iaAOoxSYnmYwOYSGZuRWSAJSba5FQyIbiLX16G5nnVNXx/Ua5d53EU4QiOoQIuXEIN7qAODSDwCM/wCm/WyHqx3q2PeWvBymcO4Y+szx873pEO</latexit><latexit sha1_base64="zDTrwCBl0Q366h3rzXHCQdGpgmc=">AAAB9HicbZDLSsNAFIZP6q3WW9Slm8EiVJCSiKDuCrpwWcFeoA1hMp20QyeTODOplNDncONCEbc+jDvfxmmbhbb+MPDxn3M4Z/4g4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8mdZbIyoVi8WDHifUi3BfsJARrI3l3fpPFeWzM4R9durbZafqzISWwc2hDLnqvv3V7cUkjajQhGOlOq6TaC/DUjPC6aTUTRVNMBniPu0YFDiiystmR0/QiXF6KIyleUKjmft7IsORUuMoMJ0R1gO1WJua/9U6qQ6vvIyJJNVUkPmiMOVIx2iaAOoxSYnmYwOYSGZuRWSAJSba5FQyIbiLX16G5nnVNXx/Ua5d53EU4QiOoQIuXEIN7qAODSDwCM/wCm/WyHqx3q2PeWvBymcO4Y+szx873pEO</latexit><latexit sha1_base64="zDTrwCBl0Q366h3rzXHCQdGpgmc=">AAAB9HicbZDLSsNAFIZP6q3WW9Slm8EiVJCSiKDuCrpwWcFeoA1hMp20QyeTODOplNDncONCEbc+jDvfxmmbhbb+MPDxn3M4Z/4g4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8mdZbIyoVi8WDHifUi3BfsJARrI3l3fpPFeWzM4R9durbZafqzISWwc2hDLnqvv3V7cUkjajQhGOlOq6TaC/DUjPC6aTUTRVNMBniPu0YFDiiystmR0/QiXF6KIyleUKjmft7IsORUuMoMJ0R1gO1WJua/9U6qQ6vvIyJJNVUkPmiMOVIx2iaAOoxSYnmYwOYSGZuRWSAJSba5FQyIbiLX16G5nnVNXx/Ua5d53EU4QiOoQIuXEIN7qAODSDwCM/wCm/WyHqx3q2PeWvBymcO4Y+szx873pEO</latexit><latexit sha1_base64="zDTrwCBl0Q366h3rzXHCQdGpgmc=">AAAB9HicbZDLSsNAFIZP6q3WW9Slm8EiVJCSiKDuCrpwWcFeoA1hMp20QyeTODOplNDncONCEbc+jDvfxmmbhbb+MPDxn3M4Z/4g4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8mdZbIyoVi8WDHifUi3BfsJARrI3l3fpPFeWzM4R9durbZafqzISWwc2hDLnqvv3V7cUkjajQhGOlOq6TaC/DUjPC6aTUTRVNMBniPu0YFDiiystmR0/QiXF6KIyleUKjmft7IsORUuMoMJ0R1gO1WJua/9U6qQ6vvIyJJNVUkPmiMOVIx2iaAOoxSYnmYwOYSGZuRWSAJSba5FQyIbiLX16G5nnVNXx/Ua5d53EU4QiOoQIuXEIN7qAODSDwCM/wCm/WyHqx3q2PeWvBymcO4Y+szx873pEO</latexit>

7 fully-connected layers, with Leaky ReLU activation

xt+(i�1)m
<latexit sha1_base64="nodAMytCFncG2WkuhXH+1cl/pus=">AAAB83icbZBNSwMxEIZn61etX1WPXhaLUBHLrgj1WPDisYL9gHYp2TRtQ5PsksyKZenf8OJBEa/+GW/+G9N2D9r6QuDhnRlm8oax4AY979vJra1vbG7ltws7u3v7B8XDo6aJEk1Zg0Yi0u2QGCa4Yg3kKFg71ozIULBWOL6d1VuPTBseqQecxCyQZKj4gFOC1uo+9VK8KPNL/1xOe8WSV/HmclfBz6AEmeq94le3H9FEMoVUEGM6vhdjkBKNnAo2LXQTw2JCx2TIOhYVkcwE6fzmqXtmnb47iLR9Ct25+3siJdKYiQxtpyQ4Msu1mflfrZPg4CZIuYoTZIouFg0S4WLkzgJw+1wzimJigVDN7a0uHRFNKNqYCjYEf/nLq9C8qviW769LtWoWRx5O4BTK4EMVanAHdWgAhRie4RXenMR5cd6dj0VrzslmjuGPnM8f1vyQ2g==</latexit><latexit sha1_base64="nodAMytCFncG2WkuhXH+1cl/pus=">AAAB83icbZBNSwMxEIZn61etX1WPXhaLUBHLrgj1WPDisYL9gHYp2TRtQ5PsksyKZenf8OJBEa/+GW/+G9N2D9r6QuDhnRlm8oax4AY979vJra1vbG7ltws7u3v7B8XDo6aJEk1Zg0Yi0u2QGCa4Yg3kKFg71ozIULBWOL6d1VuPTBseqQecxCyQZKj4gFOC1uo+9VK8KPNL/1xOe8WSV/HmclfBz6AEmeq94le3H9FEMoVUEGM6vhdjkBKNnAo2LXQTw2JCx2TIOhYVkcwE6fzmqXtmnb47iLR9Ct25+3siJdKYiQxtpyQ4Msu1mflfrZPg4CZIuYoTZIouFg0S4WLkzgJw+1wzimJigVDN7a0uHRFNKNqYCjYEf/nLq9C8qviW769LtWoWRx5O4BTK4EMVanAHdWgAhRie4RXenMR5cd6dj0VrzslmjuGPnM8f1vyQ2g==</latexit><latexit sha1_base64="nodAMytCFncG2WkuhXH+1cl/pus=">AAAB83icbZBNSwMxEIZn61etX1WPXhaLUBHLrgj1WPDisYL9gHYp2TRtQ5PsksyKZenf8OJBEa/+GW/+G9N2D9r6QuDhnRlm8oax4AY979vJra1vbG7ltws7u3v7B8XDo6aJEk1Zg0Yi0u2QGCa4Yg3kKFg71ozIULBWOL6d1VuPTBseqQecxCyQZKj4gFOC1uo+9VK8KPNL/1xOe8WSV/HmclfBz6AEmeq94le3H9FEMoVUEGM6vhdjkBKNnAo2LXQTw2JCx2TIOhYVkcwE6fzmqXtmnb47iLR9Ct25+3siJdKYiQxtpyQ4Msu1mflfrZPg4CZIuYoTZIouFg0S4WLkzgJw+1wzimJigVDN7a0uHRFNKNqYCjYEf/nLq9C8qviW769LtWoWRx5O4BTK4EMVanAHdWgAhRie4RXenMR5cd6dj0VrzslmjuGPnM8f1vyQ2g==</latexit><latexit sha1_base64="nodAMytCFncG2WkuhXH+1cl/pus=">AAAB83icbZBNSwMxEIZn61etX1WPXhaLUBHLrgj1WPDisYL9gHYp2TRtQ5PsksyKZenf8OJBEa/+GW/+G9N2D9r6QuDhnRlm8oax4AY979vJra1vbG7ltws7u3v7B8XDo6aJEk1Zg0Yi0u2QGCa4Yg3kKFg71ozIULBWOL6d1VuPTBseqQecxCyQZKj4gFOC1uo+9VK8KPNL/1xOe8WSV/HmclfBz6AEmeq94le3H9FEMoVUEGM6vhdjkBKNnAo2LXQTw2JCx2TIOhYVkcwE6fzmqXtmnb47iLR9Ct25+3siJdKYiQxtpyQ4Msu1mflfrZPg4CZIuYoTZIouFg0S4WLkzgJw+1wzimJigVDN7a0uHRFNKNqYCjYEf/nLq9C8qviW769LtWoWRx5O4BTK4EMVanAHdWgAhRie4RXenMR5cd6dj0VrzslmjuGPnM8f1vyQ2g==</latexit>

xt+1
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Figure 4: Architecture of our critic network in WGAIL-div.

approach taken by the original GAIL of using TRPO or
PPO to optimize a parametrized stochastic policy fails in
the high-dimensional action space A. Therefore, inspired
by [37] and [23], we use deterministic policy and substitute
the TRPO step in G with a deterministic policy gradient
step that directly use the gradient information from both the
critic function Dw and the policy generating function πθ
to update θ in order to minimize the expected accumulated
critic loss value incurred by the agent as it makes predic-
tions according to its policy πθ. More specifically, suppose
that during the G step we execute our prediction agent’s
current policy πθ to generate a collection of N samples of
state-action pairs {(si, ai)}Ni=1, then our current estimate of
the gradient over the policy parameter θ would be:

∇θ Eπθ [Dw(s, a)]

≈ 1

N

N∑

i=1

∇aDw(s, a)|s=si,a=πθ(si)∇θπθ(s)|s=si (4)

4.5. Model Architectures

Our imitation learning system has two components: a
policy generator network πθ and a critic network Dw.
Policy Generator Network: The policy generator network
πθ is at the core of our imitation learning system and is re-
sponsible for predicting future human poses by sequentially
generating actions (small windows of consecutive pose vec-
tors) from states (long sequences of previous pose observa-
tions and predictions). It is used in both behavioral cloning
and WGAIL-div. At each prediction step i, πθ needs to
read in a length-[t + (i − 1) × m] sequence of state si =
{x1, x2, . . . , xt+(i−1)×m} and then outputs a length-m se-
quence as the action ai = {xt+(i−1)×m+1, . . . , xt+i×m}.
To achieve this functionality, we use the sequence-to-
sequence (seq2seq) architecture [39] for our policy gen-
erator network. We construct a recurrent neural network
(RNN) with a Gated Recurrent Unit (GRU) [8] cell of size

1024 as our encoder to read in the state sequence si, and
construct another RNN with a different GRU cell of size
1024 as our decoder to generate the action sequence ai.
Similar to [26], we also add an extra layer of linear spatial
decoder on top of each GRU to map its 1024-dimensional
output vector down to a 54-dimensional vector (54 is the
length of each pose vector in our dataset, see Section 5 for
details). The model architecture of πθ is shown in Figure 3.
Critic Network: In our WGAIL-div algorithm, be-
sides πθ, we also need to construct a critic network
Dw that assigns critic values to all state-action pairs
(si, ai) in S × A. For this critic network, we build
a RNN with a Long Short-Term Memory (LSTM) [16]
cell of size 1024 to encode the state sequence si =
{x1, x2, . . . , xt+(i−1)×m} into a 1024-dimensional vector
of state embedding h(si), and build another RNN with
a different LSTM cell of size 1024 to encode the ac-
tion sequence ai = {xt+(i−1)×m+1, . . . , xt+i×m} into a
1024-dimensional vector of action embedding u(ai). We
then concatenate h(si) and u(ai) together into a 2048-
dimensional vector embedding, which we feed into a 7-
layer fully-connected neural network with the output size
of each layer equals to 512, 256, 128, 64, 32, 16, 1, re-
spectively and the activation functions being Leaky ReLU.
This 7-layer fully-connected neural network outputs the fi-
nal critic value for the state-action pair that Dw reads in.
The model architecture of Dw is depicted in Figure 4.

4.6. Learning Algorithm

Our proposed imitation learning algorithm for human
pose prediction utilizes two methods: BC and WGAIL-div.
They both have their respective advantages and disadvan-
tages, and their advantages and disadvantages make them
highly complementary to each other. BC has fast train-
ing speed and high sample efficiency, but may suffer from
bad generalization and error compounding. In contrast,
WGAIL-div often produces policies that have better gen-
eralization property and pays more attention to the sequen-
tial relationship across different time steps, but can be slow
and difficult to train during the beginning iterations when
the freshly initialized agent policy is very far away from the
expert policy. Then under our current setting of using im-
itation learning to predict human motion dynamics, these
characteristics indicate that BC tends to perform better over
short-term predictions while WGAIL-div tends to be supe-
rior over long-term predictions. Therefore, in order to have
the best of both worlds and to let our learning algorithm
excel at both short-term and long-term predictions, we first
train our policy generator network πθ using BC, and then
use the trained parameters to initialize πθ in the WGAIL-
div procedure. On one hand, the initialization obtained from
BC would help πθ to quickly move to regions that are close
to the expert policy, which greatly stabilizes and expedites



Algorithm 1 WGAIL-div for Human Pose Prediction
1: Initialize the policy generator network πθ using the parameter
θ trained by BC (Algorithm 2 in Appendix A.1)

2: Randomly initialize the parameter w of the critic network Dw
3: for iteration = 1, 2, . . . , T do

D Step:
4: Randomly sample a batch of ND length-(t+ l) trajectories

of human pose vectors from the training dataset E
5: for j = 1, 2, . . . , ND do
6: Take the j-th sampled trajectory {xj,1, xj,2, . . . , xj,t+l}
7: for i = 1, 2, . . . ,K do
8: sj,i = {xj,1, . . . , xj,t+(i−1)m},
9: aj,i = {xj,t+(i−1)m+1, . . . , xj,t+im}

10: if i = 1, then s̃j,i = sj,i,
else s̃j,i = concatenate[s̃j,i−1, ãj,i−1]

11: ãj,i = πθ(s̃j,i)
12: Sample α from the uniform distribution: α ∼ U [0, 1]
13: ŝj,i = α sj,i + (1− α) s̃j,i,
14: âj,i = αaj,i + (1− α) ãj,i
15: end for
16: end for
17: Take an Adam step on w to maximize the objective:

w← Adam
(
∇w

[
1

ND×K
∑
j,iDw(s̃j,i, ãj,i)

−Dw(sj,i, aj,i)−k ‖∇( ˆsj,i, ˆaj,i)Dw(( ˆsj,i, ˆaj,i))‖p
])

G Step:
18: Randomly sample a batch of NG length-(t+ l) trajectories

of human pose vectors from the training dataset E
19: Generate the agent’s and the expert’s state-action pairs

{(s̃j,i, ãj,i)} and {(sj,i, aj,i)} in the same way as in D.
20: Take an Adam step on θ to minimize the objective function:

θ← Adam
(

1
NG×K

∑
j,i ∇aDw(s, a)|s=s̃j,i,a=πθ(s̃j,i)

∇θπθ(s)|s=s̃j,i
)

21: end for

the training of WGAIL-div. On the other hand, WGAIL-
div iterations can be viewed as further optimizing over the
shortsighted policy generated from BC to make it generalize
better to unfamiliar regions of the state space. As a result,
our learning algorithm is consisted of two stages:
Stage 1: Behavioral Cloning. In the BC stage, we ran-
domly sample expert trajectories from the training dataset
E , and update the parameter θ of the policy generator net-
work πθ in order to match its generated actions with the
expert’s actions over the states that appear in the sampled
trajectories. Here, we use `1-norm to measure the distance
between two action vectors. Refer to Algorithm 2 in Ap-
pendix A.1 for the detailed steps of our BC algorithm.
Stage 2: WGAIL-div. In the WGAIL-div stage, our al-
gorithm alternates between a D step that updates the critic
function and a G step that optimizes the policy generator
through deterministic policy gradients. The parameter w of
the critic function is initialized randomly and the parame-
ter θ of the policy generator is initialized using the trained

Figure 5: Plot of average mean angle error for different pose
prediction models over walking, eating, smoking and dis-
cussion in the short-term prediction experiment.

Figure 6: Plot of average mean angle error for different pose
prediction models over walking, eating, smoking and dis-
cussion in the long-term prediction experiment.

parameter from Stage 1. Our WGAIL-div algorithm for hu-
man pose prediction is listed in Algorithm 1.

5. Experiments

To evaluate the performance of our proposed imitation
learning approach on challenging real human pose predic-
tion tasks and to have a thorough comparison with previous
works, we run exhaustive experiments to test our algorithm
using the popular Human 3.6M dataset [17] and compare
our results with previous benchmarks.
The Human 3.6M dataset: The Human 3.6M dataset [17]
is currently one of the largest publicly available motion cap-
ture dataset, and has been used by many previous papers
on human pose prediction. This dataset includes video se-
quences recorded from 7 different actors performing 15 dif-
ferent categories of human activities, with each actor per-
forming each activity in two different trials. The videos
are recorded in 50Hz, and for a fair comparison, we fol-
low previous papers [19, 26] to downsample the pose se-



Table 1: Mean Angle Error for the activities walking, eating, smoking, and discussion in the short-term prediction experiment.
The best result in each column is highlighted with boldface.

Walking Eating Smoking Discussion
milliseconds 80 160 320 400 80 160 320 400 80 160 320 400 80 160 320 400
ERD [9] 0.93 1.18 1.59 1.78 1.27 1.45 1.66 1.80 1.66 1.95 2.35 2.42 2.27 2.47 2.68 2.76
LSTM-3LR [9] 0.77 1.00 1.29 1.47 0.89 1.09 1.35 1.46 1.34 1.65 2.04 2.16 1.88 2.12 2.25 2.23
SRNN [19] 0.81 0.94 1.16 1.30 0.97 1.14 1.35 1.46 1.45 1.68 1.94 2.08 1.22 1.49 1.83 1.93
Residual [26] 0.28 0.49 0.72 0.81 0.23 0.39 0.62 0.76 0.33 0.61 1.05 1.15 0.31 0.68 1.01 1.09
Zero-velocity [26] 0.39 0.68 0.99 1.15 0.27 0.48 0.73 0.86 0.26 0.48 0.97 0.95 0.31 0.67 0.94 1.04
TP-RNN [7] 0.25 0.41 0.58 0.65 0.20 0.33 0.53 0.67 0.26 0.47 0.88 0.90 0.30 0.66 0.96 1.04
Ours 0.21 0.34 0.53 0.59 0.17 0.30 0.52 0.65 0.23 0.44 0.87 0.85 0.23 0.56 0.82 0.91

Table 2: Mean Angle Error for the activities walking, eating, smoking, and discussion in the long-term prediction experiment.
The best result in each column is highlighted with boldface.

Walking Eating Smoking Discussion
milliseconds 80 160 320 560 1000 80 160 320 560 1000 80 160 320 560 1000 80 160 320 560 1000
ERD [9] 1.30 1.56 1.84 2.00 2.38 1.66 1.93 2.88 2.36 2.41 2.34 2.74 3.73 3.68 3.82 2.67 2.97 3.23 3.47 2.92
LSTM-3LR [9] 1.18 1.50 1.67 1.81 2.20 1.36 1.79 2.29 2.49 2.82 2.05 2.34 3.10 3.24 3.42 2.25 2.33 2.45 2.48 2.93
SRNN [19] 1.08 1.34 1.60 1.90 2.13 1.35 1.71 2.12 2.28 2.58 1.90 2.30 2.90 3.21 3.23 1.67 2.03 2.20 2.39 2.43
Dropout-AE [11] 1.00 1.11 1.39 1.55 1.39 1.31 1.49 1.86 1.76 2.01 0.92 1.03 1.15 1.38 1.77 1.11 1.20 1.38 1.53 1.73
Residual [26] 0.32 0.54 0.72 0.86 0.96 0.25 0.42 0.64 0.94 1.30 0.33 0.60 1.01 1.23 1.83 0.34 0.74 1.04 1.43 1.75
Zero-velocity [26] 0.39 0.68 0.99 1.35 1.32 0.27 0.48 0.73 1.04 1.38 0.26 0.48 0.97 1.02 1.69 0.31 0.67 0.94 1.41 1.96
TP-RNN [7] 0.25 0.41 0.58 0.74 0.77 0.20 0.33 0.53 0.84 1.14 0.26 0.48 0.88 0.98 1.66 0.30 0.66 0.98 1.39 1.74
Ours 0.21 0.34 0.53 0.67 0.69 0.17 0.30 0.52 0.79 1.13 0.23 0.44 0.86 0.95 1.63 0.27 0.56 0.82 1.34 1.81

quence by 2. Each pose in this dataset is represented as
an exponential map representation of 32 human joints in
3D, and after preprocessing of global translation and rota-
tion as described in [7, 9, 19, 26], we adopt the following
evaluation methods for our experiments: during both train-
ing and testing, we feed 2000ms (50 frames) of past pose
vector sequence into the learning system, and the goal is to
predict the next 1000ms (25 frames) of future pose vector
sequence. We measure the Euclidean distance between pre-
dicted poses and ground truth poses in angle space as the
evaluation metric of prediction error, and we report the av-
erage prediction error over 6 different timescales: 80, 160,
320, 400, 560, and 1000ms. Following previous works, we
use Subjects 1, 6, 7, 8, 9, 11 as the training dataset and use
Subject 5 as the testing dataset.
Baselines: We compare our experimental results with the
following recent state-of-the-art methods for human pose
prediction on the Human 3.6M dataset: ERD [9], LSTM-
3LR [9], SRNN [19], Dropout-AutoEncoder [11], Residual
[26], Zero-velocity [7, 26] and TP-RNN [7].

5.1. Results

The performance results published by previous papers
are reported on slightly different prediction timescales
(some report on short-term predictions over 400ms and the
others report on long-term predictions over 1000ms) and
activity categories (some only report on 4 different activi-
ties). To make a thorough comparison with all these previ-
ous methods, we report the prediction results of our model
in Tables 1, 2 and 3, and plot the mean angle error curves in
Figures 5 and 6.
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l

<latexit sha1_base64="FVAfnrGSn2tNroBd85q8yKklBAQ=">AAAB+nicdVDLSgNBEJz1bXytevQyGARPYTY5JN6CXjxGMVFIljA76dUhsw9metWw5lO8eFDEq1/izb9xEldQ0YKGoqqb7q4gVdIgY+/OzOzc/MLi0nJpZXVtfcPd3OqYJNMC2iJRib4IuAElY2ijRAUXqQYeBQrOg+HRxD+/Bm1kEp/hKAU/4pexDKXgaKW+u9lDuMUgzE/ByEHG1bjvllmFTUFZpeHVa6xhSY0d1FmVeoVVJgVaffetN0hEFkGMQnFjuh5L0c+5RikUjEu9zEDKxZBfQtfSmEdg/Hx6+pjuWWVAw0TbipFO1e8TOY+MGUWB7Yw4Xpnf3kT8y+tmGDb8XMZphhCLz0VhpigmdJIDHUgNAtXIEi60tLdSccU1F2jTKtkQvj6l/5NOteJZflItNw+LOJbIDtkl+8QjddIkx6RF2kSQG3JPHsmTc+c8OM/Oy2frjFPMbJMfcF4/ADgolJ0=</latexit><latexit sha1_base64="FVAfnrGSn2tNroBd85q8yKklBAQ=">AAAB+nicdVDLSgNBEJz1bXytevQyGARPYTY5JN6CXjxGMVFIljA76dUhsw9metWw5lO8eFDEq1/izb9xEldQ0YKGoqqb7q4gVdIgY+/OzOzc/MLi0nJpZXVtfcPd3OqYJNMC2iJRib4IuAElY2ijRAUXqQYeBQrOg+HRxD+/Bm1kEp/hKAU/4pexDKXgaKW+u9lDuMUgzE/ByEHG1bjvllmFTUFZpeHVa6xhSY0d1FmVeoVVJgVaffetN0hEFkGMQnFjuh5L0c+5RikUjEu9zEDKxZBfQtfSmEdg/Hx6+pjuWWVAw0TbipFO1e8TOY+MGUWB7Yw4Xpnf3kT8y+tmGDb8XMZphhCLz0VhpigmdJIDHUgNAtXIEi60tLdSccU1F2jTKtkQvj6l/5NOteJZflItNw+LOJbIDtkl+8QjddIkx6RF2kSQG3JPHsmTc+c8OM/Oy2frjFPMbJMfcF4/ADgolJ0=</latexit><latexit sha1_base64="FVAfnrGSn2tNroBd85q8yKklBAQ=">AAAB+nicdVDLSgNBEJz1bXytevQyGARPYTY5JN6CXjxGMVFIljA76dUhsw9metWw5lO8eFDEq1/izb9xEldQ0YKGoqqb7q4gVdIgY+/OzOzc/MLi0nJpZXVtfcPd3OqYJNMC2iJRib4IuAElY2ijRAUXqQYeBQrOg+HRxD+/Bm1kEp/hKAU/4pexDKXgaKW+u9lDuMUgzE/ByEHG1bjvllmFTUFZpeHVa6xhSY0d1FmVeoVVJgVaffetN0hEFkGMQnFjuh5L0c+5RikUjEu9zEDKxZBfQtfSmEdg/Hx6+pjuWWVAw0TbipFO1e8TOY+MGUWB7Yw4Xpnf3kT8y+tmGDb8XMZphhCLz0VhpigmdJIDHUgNAtXIEi60tLdSccU1F2jTKtkQvj6l/5NOteJZflItNw+LOJbIDtkl+8QjddIkx6RF2kSQG3JPHsmTc+c8OM/Oy2frjFPMbJMfcF4/ADgolJ0=</latexit><latexit sha1_base64="FVAfnrGSn2tNroBd85q8yKklBAQ=">AAAB+nicdVDLSgNBEJz1bXytevQyGARPYTY5JN6CXjxGMVFIljA76dUhsw9metWw5lO8eFDEq1/izb9xEldQ0YKGoqqb7q4gVdIgY+/OzOzc/MLi0nJpZXVtfcPd3OqYJNMC2iJRib4IuAElY2ijRAUXqQYeBQrOg+HRxD+/Bm1kEp/hKAU/4pexDKXgaKW+u9lDuMUgzE/ByEHG1bjvllmFTUFZpeHVa6xhSY0d1FmVeoVVJgVaffetN0hEFkGMQnFjuh5L0c+5RikUjEu9zEDKxZBfQtfSmEdg/Hx6+pjuWWVAw0TbipFO1e8TOY+MGUWB7Yw4Xpnf3kT8y+tmGDb8XMZphhCLz0VhpigmdJIDHUgNAtXIEi60tLdSccU1F2jTKtkQvj6l/5NOteJZflItNw+LOJbIDtkl+8QjddIkx6RF2kSQG3JPHsmTc+c8OM/Oy2frjFPMbJMfcF4/ADgolJ0=</latexit>
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<latexit sha1_base64="oTg7XQbqoIttD9hNncluhs8k/zo="></latexit><latexit sha1_base64="oTg7XQbqoIttD9hNncluhs8k/zo="></latexit><latexit sha1_base64="oTg7XQbqoIttD9hNncluhs8k/zo="></latexit><latexit sha1_base64="oTg7XQbqoIttD9hNncluhs8k/zo="></latexit>

gr
ou

nd
tr
ut

h

<latexit sha1_base64="R2mF6pUEVm/Hl9SkOslHTsj0QTo=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgqiRV+tgV3bisYB/QhjKZTtqhk0mYuRFLKPgrblwo4tbvcOffOG0jqOiBC4dz7uXee/xYcA2O82EtLa+srq3nNvKbW9s7u/befktHiaKsSSMRqY5PNBNcsiZwEKwTK0ZCX7C2P76c+e1bpjSP5A1MYuaFZCh5wCkBI/Xtwx6wO/CDdKiiRA4wqARG075dcIrlcs11XewUnTkMqZ7VKu45djOlgDI0+vZ7bxDRJGQSqCBad10nBi8lCjgVbJrvJZrFhI7JkHUNlSRk2kvn50/xiVEGOIiUKQl4rn6fSEmo9ST0TWdIYKR/ezPxL6+bQFD1Ui7jBJiki0VBIjBEeJYFHnDFKIiJIYQqbm7FdEQUoWASy5sQvj7F/5NWqegafl0q1C+yOHLoCB2jU+SiCqqjK9RATURRih7QE3q27q1H68V6XbQuWdnMAfoB6+0Tgn6Weg==</latexit><latexit sha1_base64="R2mF6pUEVm/Hl9SkOslHTsj0QTo=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgqiRV+tgV3bisYB/QhjKZTtqhk0mYuRFLKPgrblwo4tbvcOffOG0jqOiBC4dz7uXee/xYcA2O82EtLa+srq3nNvKbW9s7u/befktHiaKsSSMRqY5PNBNcsiZwEKwTK0ZCX7C2P76c+e1bpjSP5A1MYuaFZCh5wCkBI/Xtwx6wO/CDdKiiRA4wqARG075dcIrlcs11XewUnTkMqZ7VKu45djOlgDI0+vZ7bxDRJGQSqCBad10nBi8lCjgVbJrvJZrFhI7JkHUNlSRk2kvn50/xiVEGOIiUKQl4rn6fSEmo9ST0TWdIYKR/ezPxL6+bQFD1Ui7jBJiki0VBIjBEeJYFHnDFKIiJIYQqbm7FdEQUoWASy5sQvj7F/5NWqegafl0q1C+yOHLoCB2jU+SiCqqjK9RATURRih7QE3q27q1H68V6XbQuWdnMAfoB6+0Tgn6Weg==</latexit><latexit sha1_base64="R2mF6pUEVm/Hl9SkOslHTsj0QTo=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgqiRV+tgV3bisYB/QhjKZTtqhk0mYuRFLKPgrblwo4tbvcOffOG0jqOiBC4dz7uXee/xYcA2O82EtLa+srq3nNvKbW9s7u/befktHiaKsSSMRqY5PNBNcsiZwEKwTK0ZCX7C2P76c+e1bpjSP5A1MYuaFZCh5wCkBI/Xtwx6wO/CDdKiiRA4wqARG075dcIrlcs11XewUnTkMqZ7VKu45djOlgDI0+vZ7bxDRJGQSqCBad10nBi8lCjgVbJrvJZrFhI7JkHUNlSRk2kvn50/xiVEGOIiUKQl4rn6fSEmo9ST0TWdIYKR/ezPxL6+bQFD1Ui7jBJiki0VBIjBEeJYFHnDFKIiJIYQqbm7FdEQUoWASy5sQvj7F/5NWqegafl0q1C+yOHLoCB2jU+SiCqqjK9RATURRih7QE3q27q1H68V6XbQuWdnMAfoB6+0Tgn6Weg==</latexit><latexit sha1_base64="R2mF6pUEVm/Hl9SkOslHTsj0QTo=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgqiRV+tgV3bisYB/QhjKZTtqhk0mYuRFLKPgrblwo4tbvcOffOG0jqOiBC4dz7uXee/xYcA2O82EtLa+srq3nNvKbW9s7u/befktHiaKsSSMRqY5PNBNcsiZwEKwTK0ZCX7C2P76c+e1bpjSP5A1MYuaFZCh5wCkBI/Xtwx6wO/CDdKiiRA4wqARG075dcIrlcs11XewUnTkMqZ7VKu45djOlgDI0+vZ7bxDRJGQSqCBad10nBi8lCjgVbJrvJZrFhI7JkHUNlSRk2kvn50/xiVEGOIiUKQl4rn6fSEmo9ST0TWdIYKR/ezPxL6+bQFD1Ui7jBJiki0VBIjBEeJYFHnDFKIiJIYQqbm7FdEQUoWASy5sQvj7F/5NWqegafl0q1C+yOHLoCB2jU+SiCqqjK9RATURRih7QE3q27q1H68V6XbQuWdnMAfoB6+0Tgn6Weg==</latexit>

(a) Taking Photo

Time t (ms)
<latexit sha1_base64="0iRWuoxCJXKv3/6DSQvdhksfUII=">AAAB9HicbZDLTgIxFIY7eEO8oS7dNIIJbsgMG10S3bjEhFsCE9IpZ6Ch7Yxth4RMeA43LjTGrQ/jzrexwCwU/JMmX/5zTs7pH8ScaeO6305ua3tndy+/Xzg4PDo+KZ6etXWUKAotGvFIdQOigTMJLcMMh26sgIiAQyeY3C/qnSkozSLZNLMYfEFGkoWMEmMtv8kE4LIp44rQ14Niya26S+FN8DIooUyNQfGrP4xoIkAayonWPc+NjZ8SZRjlMC/0Ew0xoRMygp5FSQRoP10ePcdX1hniMFL2SYOX7u+JlAitZyKwnYKYsV6vLcz/ar3EhLd+ymScGJB0tShMODYRXiSAh0wBNXxmgVDF7K2Yjoki1NicCjYEb/3Lm9CuVT3Lj7VS/S6LI48u0CWqIA/doDp6QA3UQhQ9oWf0it6cqfPivDsfq9ack82coz9yPn8ArDeQtg==</latexit><latexit sha1_base64="0iRWuoxCJXKv3/6DSQvdhksfUII=">AAAB9HicbZDLTgIxFIY7eEO8oS7dNIIJbsgMG10S3bjEhFsCE9IpZ6Ch7Yxth4RMeA43LjTGrQ/jzrexwCwU/JMmX/5zTs7pH8ScaeO6305ua3tndy+/Xzg4PDo+KZ6etXWUKAotGvFIdQOigTMJLcMMh26sgIiAQyeY3C/qnSkozSLZNLMYfEFGkoWMEmMtv8kE4LIp44rQ14Niya26S+FN8DIooUyNQfGrP4xoIkAayonWPc+NjZ8SZRjlMC/0Ew0xoRMygp5FSQRoP10ePcdX1hniMFL2SYOX7u+JlAitZyKwnYKYsV6vLcz/ar3EhLd+ymScGJB0tShMODYRXiSAh0wBNXxmgVDF7K2Yjoki1NicCjYEb/3Lm9CuVT3Lj7VS/S6LI48u0CWqIA/doDp6QA3UQhQ9oWf0it6cqfPivDsfq9ack82coz9yPn8ArDeQtg==</latexit><latexit sha1_base64="0iRWuoxCJXKv3/6DSQvdhksfUII=">AAAB9HicbZDLTgIxFIY7eEO8oS7dNIIJbsgMG10S3bjEhFsCE9IpZ6Ch7Yxth4RMeA43LjTGrQ/jzrexwCwU/JMmX/5zTs7pH8ScaeO6305ua3tndy+/Xzg4PDo+KZ6etXWUKAotGvFIdQOigTMJLcMMh26sgIiAQyeY3C/qnSkozSLZNLMYfEFGkoWMEmMtv8kE4LIp44rQ14Niya26S+FN8DIooUyNQfGrP4xoIkAayonWPc+NjZ8SZRjlMC/0Ew0xoRMygp5FSQRoP10ePcdX1hniMFL2SYOX7u+JlAitZyKwnYKYsV6vLcz/ar3EhLd+ymScGJB0tShMODYRXiSAh0wBNXxmgVDF7K2Yjoki1NicCjYEb/3Lm9CuVT3Lj7VS/S6LI48u0CWqIA/doDp6QA3UQhQ9oWf0it6cqfPivDsfq9ack82coz9yPn8ArDeQtg==</latexit><latexit sha1_base64="0iRWuoxCJXKv3/6DSQvdhksfUII=">AAAB9HicbZDLTgIxFIY7eEO8oS7dNIIJbsgMG10S3bjEhFsCE9IpZ6Ch7Yxth4RMeA43LjTGrQ/jzrexwCwU/JMmX/5zTs7pH8ScaeO6305ua3tndy+/Xzg4PDo+KZ6etXWUKAotGvFIdQOigTMJLcMMh26sgIiAQyeY3C/qnSkozSLZNLMYfEFGkoWMEmMtv8kE4LIp44rQ14Niya26S+FN8DIooUyNQfGrP4xoIkAayonWPc+NjZ8SZRjlMC/0Ew0xoRMygp5FSQRoP10ePcdX1hniMFL2SYOX7u+JlAitZyKwnYKYsV6vLcz/ar3EhLd+ymScGJB0tShMODYRXiSAh0wBNXxmgVDF7K2Yjoki1NicCjYEb/3Lm9CuVT3Lj7VS/S6LI48u0CWqIA/doDp6QA3UQhQ9oWf0it6cqfPivDsfq9ack82coz9yPn8ArDeQtg==</latexit>

1200ms
<latexit sha1_base64="VzwQbjr7l4r06rBxahZ9FEpT/1A=">AAAB7XicbZC7SgNBFIbPxluMt1VLm8EgWIXdNFoGbSwjmAskS5idzCZj5rLMzAphyTvYWChi6/vY+TZOki008YeBj/+cw5zzxylnxgbBt1fa2Nza3invVvb2Dw6P/OOTtlGZJrRFFFe6G2NDOZO0ZZnltJtqikXMaSee3M7rnSeqDVPywU5TGgk8kixhBFtntcN6EAgz8KtBLVgIrUNYQBUKNQf+V3+oSCaotIRjY3phkNoox9oywums0s8MTTGZ4BHtOZRYUBPli21n6MI5Q5Qo7Z60aOH+nsixMGYqYtcpsB2b1drc/K/Wy2xyHeVMppmlkiw/SjKOrELz09GQaUosnzrARDO3KyJjrDGxLqCKCyFcPXkd2vVa6Pi+Xm3cFHGU4QzO4RJCuIIG3EETWkDgEZ7hFd485b14797HsrXkFTOn8Efe5w9mlo5X</latexit><latexit sha1_base64="VzwQbjr7l4r06rBxahZ9FEpT/1A=">AAAB7XicbZC7SgNBFIbPxluMt1VLm8EgWIXdNFoGbSwjmAskS5idzCZj5rLMzAphyTvYWChi6/vY+TZOki008YeBj/+cw5zzxylnxgbBt1fa2Nza3invVvb2Dw6P/OOTtlGZJrRFFFe6G2NDOZO0ZZnltJtqikXMaSee3M7rnSeqDVPywU5TGgk8kixhBFtntcN6EAgz8KtBLVgIrUNYQBUKNQf+V3+oSCaotIRjY3phkNoox9oywums0s8MTTGZ4BHtOZRYUBPli21n6MI5Q5Qo7Z60aOH+nsixMGYqYtcpsB2b1drc/K/Wy2xyHeVMppmlkiw/SjKOrELz09GQaUosnzrARDO3KyJjrDGxLqCKCyFcPXkd2vVa6Pi+Xm3cFHGU4QzO4RJCuIIG3EETWkDgEZ7hFd485b14797HsrXkFTOn8Efe5w9mlo5X</latexit><latexit sha1_base64="VzwQbjr7l4r06rBxahZ9FEpT/1A=">AAAB7XicbZC7SgNBFIbPxluMt1VLm8EgWIXdNFoGbSwjmAskS5idzCZj5rLMzAphyTvYWChi6/vY+TZOki008YeBj/+cw5zzxylnxgbBt1fa2Nza3invVvb2Dw6P/OOTtlGZJrRFFFe6G2NDOZO0ZZnltJtqikXMaSee3M7rnSeqDVPywU5TGgk8kixhBFtntcN6EAgz8KtBLVgIrUNYQBUKNQf+V3+oSCaotIRjY3phkNoox9oywums0s8MTTGZ4BHtOZRYUBPli21n6MI5Q5Qo7Z60aOH+nsixMGYqYtcpsB2b1drc/K/Wy2xyHeVMppmlkiw/SjKOrELz09GQaUosnzrARDO3KyJjrDGxLqCKCyFcPXkd2vVa6Pi+Xm3cFHGU4QzO4RJCuIIG3EETWkDgEZ7hFd485b14797HsrXkFTOn8Efe5w9mlo5X</latexit><latexit sha1_base64="VzwQbjr7l4r06rBxahZ9FEpT/1A=">AAAB7XicbZC7SgNBFIbPxluMt1VLm8EgWIXdNFoGbSwjmAskS5idzCZj5rLMzAphyTvYWChi6/vY+TZOki008YeBj/+cw5zzxylnxgbBt1fa2Nza3invVvb2Dw6P/OOTtlGZJrRFFFe6G2NDOZO0ZZnltJtqikXMaSee3M7rnSeqDVPywU5TGgk8kixhBFtntcN6EAgz8KtBLVgIrUNYQBUKNQf+V3+oSCaotIRjY3phkNoox9oywums0s8MTTGZ4BHtOZRYUBPli21n6MI5Q5Qo7Z60aOH+nsixMGYqYtcpsB2b1drc/K/Wy2xyHeVMppmlkiw/SjKOrELz09GQaUosnzrARDO3KyJjrDGxLqCKCyFcPXkd2vVa6Pi+Xm3cFHGU4QzO4RJCuIIG3EETWkDgEZ7hFd485b14797HsrXkFTOn8Efe5w9mlo5X</latexit>

0ms
<latexit sha1_base64="ffCJWAy1UH6fgsnnOY4PpZr+Vy4=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2e9Fj0YvHivYD2qVk09k2NMkuSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hY3Nre6e4W9rbPzg8Kh+ftEySaYZNlohEdyJqUHCFTcutwE6qkcpIYDsa387r7SfUhifq0U5SDCUdKh5zRq2zHnxp+uWKX/UXIusQ5FCBXI1++as3SFgmUVkmqDHdwE9tOKXaciZwVuplBlPKxnSIXYeKSjThdLHqjFw4Z0DiRLunLFm4vyemVBozkZHrlNSOzGptbv5X62Y2vg6nXKWZRcWWH8WZIDYh87vJgGtkVkwcUKa525WwEdWUWZdOyYUQrJ68Dq1aNXB8X6vUb/I4inAG53AJAVxBHe6gAU1gMIRneIU3T3gv3rv3sWwtePnMKfyR9/kDFrCNpg==</latexit><latexit sha1_base64="ffCJWAy1UH6fgsnnOY4PpZr+Vy4=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2e9Fj0YvHivYD2qVk09k2NMkuSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hY3Nre6e4W9rbPzg8Kh+ftEySaYZNlohEdyJqUHCFTcutwE6qkcpIYDsa387r7SfUhifq0U5SDCUdKh5zRq2zHnxp+uWKX/UXIusQ5FCBXI1++as3SFgmUVkmqDHdwE9tOKXaciZwVuplBlPKxnSIXYeKSjThdLHqjFw4Z0DiRLunLFm4vyemVBozkZHrlNSOzGptbv5X62Y2vg6nXKWZRcWWH8WZIDYh87vJgGtkVkwcUKa525WwEdWUWZdOyYUQrJ68Dq1aNXB8X6vUb/I4inAG53AJAVxBHe6gAU1gMIRneIU3T3gv3rv3sWwtePnMKfyR9/kDFrCNpg==</latexit><latexit sha1_base64="ffCJWAy1UH6fgsnnOY4PpZr+Vy4=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2e9Fj0YvHivYD2qVk09k2NMkuSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hY3Nre6e4W9rbPzg8Kh+ftEySaYZNlohEdyJqUHCFTcutwE6qkcpIYDsa387r7SfUhifq0U5SDCUdKh5zRq2zHnxp+uWKX/UXIusQ5FCBXI1++as3SFgmUVkmqDHdwE9tOKXaciZwVuplBlPKxnSIXYeKSjThdLHqjFw4Z0DiRLunLFm4vyemVBozkZHrlNSOzGptbv5X62Y2vg6nXKWZRcWWH8WZIDYh87vJgGtkVkwcUKa525WwEdWUWZdOyYUQrJ68Dq1aNXB8X6vUb/I4inAG53AJAVxBHe6gAU1gMIRneIU3T3gv3rv3sWwtePnMKfyR9/kDFrCNpg==</latexit><latexit sha1_base64="ffCJWAy1UH6fgsnnOY4PpZr+Vy4=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2e9Fj0YvHivYD2qVk09k2NMkuSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hY3Nre6e4W9rbPzg8Kh+ftEySaYZNlohEdyJqUHCFTcutwE6qkcpIYDsa387r7SfUhifq0U5SDCUdKh5zRq2zHnxp+uWKX/UXIusQ5FCBXI1++as3SFgmUVkmqDHdwE9tOKXaciZwVuplBlPKxnSIXYeKSjThdLHqjFw4Z0DiRLunLFm4vyemVBozkZHrlNSOzGptbv5X62Y2vg6nXKWZRcWWH8WZIDYh87vJgGtkVkwcUKa525WwEdWUWZdOyYUQrJ68Dq1aNXB8X6vUb/I4inAG53AJAVxBHe6gAU1gMIRneIU3T3gv3rv3sWwtePnMKfyR9/kDFrCNpg==</latexit>
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(b) Walking

Figure 7: Visualization of long-term human pose prediction
results for taking photo (top) and walking (bottom). The
purple poses are ground truth, the green poses are predicted
by the Residual [26] model and the orange poses are ours.

From the experimental results, we see that the prediction
performance of our proposed imitation learning approach
(BC+WGAIL-div) surpasses all the baseline models by sig-
nificant margins on almost all 15 human activity categories
across all different prediction timescales. Our prediction re-
sults set the new state-of-the-art performance for the task of
predicting human motion on the Human 3.6M dataset over
both short-term and long-term predictions.



Table 3: Mean Angle Error for the remaining 11 actions in Human 3.6M in the long-term prediction experiment. The best
result in each column is highlighted with boldface.

Purchases Sitting Sitting down Taking photo
millisec 80 160 320 400 560 1000 80 160 320 400 560 1000 80 160 320 400 560 1000 80 160 320 400 560 1000
Residual 0.60 0.86 1.24 1.30 1.58 2.26 0.44 0.74 1.19 1.40 1.57 2.03 0.51 0.93 1.44 1.65 1.94 2.55 0.33 0.65 0.97 1.09 1.19 1.47
TP-RNN 0.59 0.82 1.12 1.18 1.52 2.28 0.41 0.66 1.07 1.22 1.35 1.74 0.41 0.79 1.13 1.27 1.47 1.93 0.26 0.51 0.80 0.95 1.08 1.35
Ours 0.54 0.78 1.07 1.14 1.46 2.23 0.29 0.48 0.87 1.04 1.21 1.58 0.34 0.68 1.01 1.14 1.34 1.78 0.17 0.37 0.60 0.72 0.84 1.06

Directions Greeting Talking on the phone Posing
millisec 80 160 320 400 560 1000 80 160 320 400 560 1000 80 160 320 400 560 1000 80 160 320 400 560 1000
Residual 0.44 0.69 0.83 0.94 1.03 1.49 0.53 0.88 1.29 1.45 1.72 1.89 0.61 1.12 1.57 1.74 1.59 1.92 0.47 0.87 1.49 1.76 1.96 2.35
TP-RNN 0.38 0.59 0.75 0.83 0.95 1.38 0.51 0.86 1.27 1.44 1.72 1.81 0.57 1.08 1.44 1.59 1.47 1.68 0.42 0.76 1.29 1.54 1.75 2.47
Ours 0.27 0.46 0.81 0.89 0.95 1.41 0.43 0.75 1.17 1.33 1.62 1.72 0.54 1.05 1.40 1.56 1.52 1.67 0.27 0.55 1.16 1.41 1.83 2.69

Waiting Walking dog Walking together Average over all 15 actions
millisec 80 160 320 400 560 1000 80 160 320 400 560 1000 80 160 320 400 560 1000 80 160 320 400 560 1000
Residual 0.34 0.65 1.09 1.28 1.61 2.27 0.56 0.95 1.28 1.39 1.68 1.92 0.31 0.61 0.84 0.89 1.00 1.43 0.43 0.75 1.11 1.24 1.42 1.83
TP-RNN 0.30 0.60 1.09 1.31 1.71 2.46 0.53 0.93 1.24 1.38 1.73 1.98 0.23 0.47 0.67 0.71 0.78 1.28 0.37 0.66 0.99 1.11 1.30 1.71
Ours 0.25 0.53 0.96 1.19 1.59 2.39 0.46 0.80 1.12 1.31 1.65 1.86 0.19 0.41 0.61 0.64 0.67 1.15 0.31 0.57 0.90 1.02 1.23 1.65

Table 4: Ablation Study: Mean Angle Error of Behavioral
Cloning (BC) alone, WGAIL-div alone, and WGAIL-div
with Behavioral Cloning as pre-training (BC+WGAIL-div)
averaged over the four activities walking, eating, smoking,
and discussion in the human pose prediction experiment on
the Human 3.6M dataset. The best result in each column is
highlighted with boldface.

millisec 80 160 320 400 560 1000
BC 0.23 0.43 0.72 0.78 0.96 1.36
WGAIL-div 0.23 0.44 0.74 0.80 0.98 1.33
BC+WGAIL-div 0.21 0.41 0.69 0.75 0.94 1.32

We also plot visualization of the long-term human pose
prediction results in Figure 7 for two representative human
activities: taking photo and walking. From the visualiza-
tion we can see that the predictions made by our imitation
learning algorithm look very similar to the ground truth and
are much better and more natural than the predictions made
by the baseline model Residual [26]. See Appendix A.3 for
more visualization of our prediction results.
Training Speed: During our experiments, we observed
that the training speed of our proposed imitation learning
method is much faster than previous methods. In our exper-
iments using 4 NVIDIA Titan GPUs, on average, our BC
+ WGAIL-div algorithm finishes training within 20 min-
utes, while the baseline models Residual and TP-RNN fin-
ish training in more than 8 hours. There is at least a ×24
speedup on training using our proposed method.

5.2. Ablation Study

Our proposed imitation learning algorithm is composed
of two components: (1) a BC component (Algorithm 2 in
Appendix A.1) as pretraining; and (2) a WGAIL-div com-
ponent (Algorithm 1). In our ablation study, in order to test
the importance of each component, we train our human pose
prediction agent on the Human 3.6M dataset [18] using: (a)

BC alone; (b) WGAIL-div alone; and (c) WGAIL-div with
BC as pretraining. The results of our ablation study ex-
periments are summarized in Table 4. As we can see from
Table 4, removing either BC or WGAIL-div from our imi-
tation learning algorithm would worsen the prediction per-
formance. Therefore, our ablation study shows that both
components of our imitation learning algorithm are neces-
sary in order to achieve optimal performance.

5.3. Discussion

In this work, all the pose predictions are solely based
on past pose observations. In our future work, we plan
to extend our work to tackle more sophisticated scenarios
of human motion prediction. First, we plan to extend our
WGAIL-div framework to multi-agent WGAIL-div in or-
der to take into account other humans in the surroundings
when performing group human motion prediction. Second,
we plan to introduce latent variables into WGAIL-div in or-
der to effectively model other factors such as environments,
objects, activities, and intentions that might also be involved
in human motion prediction.

6. Conclusion

In this work, we proposed a new reinforcement learn-
ing formulation of the human pose prediction problem, and
developed an imitation learning algorithm for pose predic-
tion under this new formulation. Our experiments showed
that our proposed method can effectively learn to make ac-
curate human pose predictions over both short terms and
long terms with very fast training speed. Our work also
has great potential to be generalized to other tasks of se-
quential modeling and time-series predictions in computer
vision and machine learning, which will also be the direc-
tion of our future work.
Acknowledgments: We would like to thank Mindtree and
Panasonic for their support.
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