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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.

[15, 21, 22, 45, 46]. 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 [8, 10, 20, 29].

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-
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Figure 1: At the core of our imitation learning approach to

human pose prediction is a Generative Adversarial Imita-

tion Learning (GAIL) [16] 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 [31, 38, 39]. These recent deep reinforcement learn-

ing algorithms, including Generative Adversarial Imitation

Learning (GAIL) [16] and Deep Deterministic Policy Gra-

dient [26], 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 [36, 55] 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 [42] and Deep Deterministic Policy

Gradient [26] 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

[18]. 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 [28, 47], and predict

dense trajectories [49], semantic labels [27, 48], or activ-

ity labels [3, 25, 41, 50] in the future. However, human

motion dynamics is better captured by detailed joint loca-

tions (i.e., pose) [1, 30, 35], and is often modeled by ei-

ther state transition models [51, 52] or recurrent neural net-

works [11, 20, 29].

Recently, several works focused on forecasting human
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a1 = πθ(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 = πθ(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 = πθ(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 = πθ(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>

πθ
<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>

πθ
<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>

πθ
<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>

πθ
<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, 8, 20, 29, 50]. Chao et al. [7] 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. [50] proposed

a variational autoencoder solution; Fragkiadaki et al. [10]

proposed two architectures denoted by LSTM-3LR (3 lay-

ers of LSTM cells) and ERD (Encoder-Recurrent-Decoder);

Yan et al. [54] and Zhao et al. [56] proposed methods for

longer time prediction; Martinez et al. [29] used a carefully

tailored RNN to learn human motion prediction; and Chiu

et al. [8] 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 [26, 31, 32, 43] and imitation learn-

ing [16, 36] have been used for predicting future informa-

tion in videos in different forms. For instance, DeepMimic

[33] proposed a physics-based method for policy genera-

tion that is capable of tracking and motion capture. Other

works such as R2P2 [34] and Tai et al. [44] 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 [43].

The core task of human pose prediction is the following:

given a sequence of past pose observations f x1, x2, . . . , xtg
of length t from a human subject, predict the future pose

sequence f xt+1 , xt+2 , . . . , xt+ lg up to length l. Most pre-

vious work adopts an end-to-end approach to train either a
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