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•  David	Silver,	UCL	[Silver]	h(p://www0.cs.ucl.ac.uk/staff/d.silver/web/Teaching.html	
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•  Mark	Schmidt,	UBC	[Schmidt]	
•  Andrej	Karpathy		[Karpathy]	h(ps://karpathy.github.io/2016/05/31/rl/	
•  Lillian	Weng	[Weng]	h(ps://lilianweng.github.io/lil-log/2018/04/08/policy-gradient-algorithms.html	
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Goals for this morning

• what	is	RL?	
- what	can	it	solve?		how	does	it	differ	from	other	ML	problems?	

• why	Deep	RL,		and	some	caveats	
	
• RL	basics	
• RL	algorithms		
- Q-learning,			DDPG,	gradient-free	methods,		policy-gradient	methods	

•  current	perspec^ves		
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What is RL?
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[Anybo^cs]	[DeepMind]	 [Mobileye]	



Learn to make good sequences of decisions  


• Drive	a	car	
• Defeat	the	world	champion	at	Go		
• Manage	an	investment	por_olio	
•  Sequence	a	series	of	medical	tests	and	interven^ons	
• Control	a	power	sta^on	or	a	chemical	process	to	maximize	revenue	
• Make	a	humanoid	robot	walk		
• Direct	a(en^on	for	a	computer	vision	task	
• Understand	the	role	of	dopamine	in	the	brain	
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Defining good decisions:    rewards
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RL involves:

•  op^miza^on	
- find	an	op^mal	way	to	make	sequen^al	decisions	

•  delayed	consequences	
- decisions	now	can	impact	things	much	later,	e.g.,	climate	change	
- challenge:				temporal	credit	assignment	is	hard		
(what	caused	later	high	or	low	rewards?)		

- challenge:				need	to	reason	about	long-term	ramifica^ons	
•  explora^on	

- explore	vs	exploit	tradeoff:			try	a	new	restaurant		or		go	to	one	you	already	like?	
- current	policy	impacts	future	data	collec^on:		poten^al	instabili^es	

•  generaliza^on	
-  impossible	to	visit	all	states	during	learning,	e.g.	image	input	to	a	policy	
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Reinforcement Learning 
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agent	situa^on	 ac^on	policy	
⇡

<latexit sha1_base64="7YlkrurOAYOv+Ch30L7WpchFVys=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99FLed6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AU+9jc0=</latexit><latexit sha1_base64="7YlkrurOAYOv+Ch30L7WpchFVys=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99FLed6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AU+9jc0=</latexit><latexit sha1_base64="7YlkrurOAYOv+Ch30L7WpchFVys=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99FLed6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AU+9jc0=</latexit><latexit sha1_base64="7YlkrurOAYOv+Ch30L7WpchFVys=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99FLed6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AU+9jc0=</latexit>

					state				
s

<latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit>

a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

environment	

r
<latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit>

maximize	sum	of	rewards:	 Gt = rt+1 + �rt+2 + ... =
1X

k=0

�krt+k+1

<latexit sha1_base64="UgvXR74KtsJ3vYgEU2BQUZOX6xk="></latexit><latexit sha1_base64="UgvXR74KtsJ3vYgEU2BQUZOX6xk="></latexit><latexit sha1_base64="UgvXR74KtsJ3vYgEU2BQUZOX6xk="></latexit><latexit sha1_base64="UgvXR74KtsJ3vYgEU2BQUZOX6xk="></latexit> 0  �  1
<latexit sha1_base64="lvIGenHgLJCROdPcxUY9vQTkQ5U=">AAAB/XicbZDLSgMxFIbP1Futt/GycxMsgqsyI4Iui25cVrCt0BlKJs20oUlmTDJCHYqv4saFIm59D3e+jWk7C239IfDxn3M4J3+UcqaN5307paXlldW18nplY3Nre8fd3WvpJFOENknCE3UXYU05k7RpmOH0LlUUi4jTdjS8mtTbD1RplshbM0ppKHBfspgRbKzVdQ88FHB6j4I+FgLP2O+6Va/mTYUWwS+gCoUaXfcr6CUkE1QawrHWHd9LTZhjZRjhdFwJMk1TTIa4TzsWJRZUh/n0+jE6tk4PxYmyTxo0dX9P5FhoPRKR7RTYDPR8bWL+V+tkJr4IcybTzFBJZovijCOToEkUqMcUJYaPLGCimL0VkQFWmBgbWMWG4M9/eRFapzXfq/k3Z9X6ZRFHGQ7hCE7Ah3OowzU0oAkEHuEZXuHNeXJenHfnY9ZacoqZffgj5/MHeNuT7w==</latexit><latexit sha1_base64="lvIGenHgLJCROdPcxUY9vQTkQ5U=">AAAB/XicbZDLSgMxFIbP1Futt/GycxMsgqsyI4Iui25cVrCt0BlKJs20oUlmTDJCHYqv4saFIm59D3e+jWk7C239IfDxn3M4J3+UcqaN5307paXlldW18nplY3Nre8fd3WvpJFOENknCE3UXYU05k7RpmOH0LlUUi4jTdjS8mtTbD1RplshbM0ppKHBfspgRbKzVdQ88FHB6j4I+FgLP2O+6Va/mTYUWwS+gCoUaXfcr6CUkE1QawrHWHd9LTZhjZRjhdFwJMk1TTIa4TzsWJRZUh/n0+jE6tk4PxYmyTxo0dX9P5FhoPRKR7RTYDPR8bWL+V+tkJr4IcybTzFBJZovijCOToEkUqMcUJYaPLGCimL0VkQFWmBgbWMWG4M9/eRFapzXfq/k3Z9X6ZRFHGQ7hCE7Ah3OowzU0oAkEHuEZXuHNeXJenHfnY9ZacoqZffgj5/MHeNuT7w==</latexit><latexit sha1_base64="lvIGenHgLJCROdPcxUY9vQTkQ5U=">AAAB/XicbZDLSgMxFIbP1Futt/GycxMsgqsyI4Iui25cVrCt0BlKJs20oUlmTDJCHYqv4saFIm59D3e+jWk7C239IfDxn3M4J3+UcqaN5307paXlldW18nplY3Nre8fd3WvpJFOENknCE3UXYU05k7RpmOH0LlUUi4jTdjS8mtTbD1RplshbM0ppKHBfspgRbKzVdQ88FHB6j4I+FgLP2O+6Va/mTYUWwS+gCoUaXfcr6CUkE1QawrHWHd9LTZhjZRjhdFwJMk1TTIa4TzsWJRZUh/n0+jE6tk4PxYmyTxo0dX9P5FhoPRKR7RTYDPR8bWL+V+tkJr4IcybTzFBJZovijCOToEkUqMcUJYaPLGCimL0VkQFWmBgbWMWG4M9/eRFapzXfq/k3Z9X6ZRFHGQ7hCE7Ah3OowzU0oAkEHuEZXuHNeXJenHfnY9ZacoqZffgj5/MHeNuT7w==</latexit><latexit sha1_base64="lvIGenHgLJCROdPcxUY9vQTkQ5U=">AAAB/XicbZDLSgMxFIbP1Futt/GycxMsgqsyI4Iui25cVrCt0BlKJs20oUlmTDJCHYqv4saFIm59D3e+jWk7C239IfDxn3M4J3+UcqaN5307paXlldW18nplY3Nre8fd3WvpJFOENknCE3UXYU05k7RpmOH0LlUUi4jTdjS8mtTbD1RplshbM0ppKHBfspgRbKzVdQ88FHB6j4I+FgLP2O+6Va/mTYUWwS+gCoUaXfcr6CUkE1QawrHWHd9LTZhjZRjhdFwJMk1TTIa4TzsWJRZUh/n0+jE6tk4PxYmyTxo0dX9P5FhoPRKR7RTYDPR8bWL+V+tkJr4IcybTzFBJZovijCOToEkUqMcUJYaPLGCimL0VkQFWmBgbWMWG4M9/eRFapzXfq/k3Z9X6ZRFHGQ7hCE7Ah3OowzU0oAkEHuEZXuHNeXJenHfnY9ZacoqZffgj5/MHeNuT7w==</latexit>



Discrete    vs    ConFnuous 

• discrete	states,	discrete	ac^ons	
- e.g.,	Go,	Chess,	^c-tac-toe	
- “tabular”	policies	for	small	problems	

•  con^nuous	states,	discrete	ac^ons	
- e.g.,	Atari	games,	DOTA,	cart-and-pole	

•  con^nuous	states,	con^nuous	ac^ons	
- robo^cs,	process	control,	autonomous	driving	

9	



The Many Faces of Reinforcement Learning

10	

[Silver]	



Branches of Machine Learning

11	

[Silver]	

scalar	rewards	over	^me	

latent	structure	,	
e.g.,	autoencoders	labeled	data	



Simple Example:    Backing up a Truck

12	

[“Learning	to	Steer	on	Winding	Tracks	Using	Semi-Parametric	Control	Policies”,	ICRA	2005]	

input:		4	distances	+	cab-angle	
output:		steering	angle	 backing	up	a	double	trailer	⇡ : R5 ! R
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Simple Example

13	[h(ps://cs.stanford.edu/people/karpathy/convnetjs/demo/rldemo.html]	

state:							9	sensors	x	3	values	x	2	^mesteps		
ac^ons:			move	in	5	direc^ons	



OpenAI Gym

14	

[gym.openai.com]	



Why Deep RL?

15	



AlphaZero     (DeepMind)

16	

[DeepMind:		Nature	2017]	



Aggressive autonomous driving      (Georgia Tech)  
of a scale vehicle    

17	

[Georgia	Tech:		CoRL	2017]	



Rubik’s cube manipulaFon  (OpenAI)

18	



Anymal:   Quadrupedal  locomoFon + getup         
(ETH Zurich)

19	[Science	Robo^cs,	2018]	



[DeepLoco:		SIGGRAPH	2017]	





simulated lion

22	



Physics-based Lion    (UC Berkeley, UBC, Ziva Dynamics)

23	

[“DeepMimic”,	SIGGRAPH	2018]	



Cassie:Bipedal LocomoFon  (UBC, U Oregon, Agility RoboFcs)

24	



Why Deep RL?    (conFnued) 

End-to-end	learning:				performance	benefits	
	

25	

[Chen	and	Huang,	IV	2017]	

“pixels	to	torques”	



Good control from rich sensory streams  
is oZen the limiFng factor

26	

[h(ps://robo^k.dpi-bremen.de/en/research/robot-systems/exoskele(-ak^v-ca.html]	



How do humans and animals learn?

27	



Follow the money

• Alphabet	invests	~	$2B	in	DeepMind	
• Microsor	invests	$1B	in	OpenAI	
•  autonomous	driving:		Mobileye,	Wayve,	Waymo,	Tesla,	…	

28	



Some Caveats

29	



RL has a long history  (by many names)

30	

[Silver]	



Generic Algorithm? 
Best results oZen sFll have domain knowledge

• domain	knowledge	
- defining:				state,	ac^on,	reward	
- hyperparameters	
- example	expert	data	

	
but: 		
• no-free	lunch:	induc+ve	bias	needed	for	efficient	learning	
• progress	is	being	made	towards	generalizable	methods	!		
- AlphaZero	(Go,	Chess),		DQN	(Atari	games),	OpenAI	five	(DOTA	game)	

31	



RL learning oZen has poor “sample efficiency”

• oren	far	too	slow	to	learn	directly	in	the	real	world	
- e.g.,	thousands	of	years	in	simula^on		(OpenAI	hand)	

•  learning	requires	good	simula^on	models,	so	not	truly	“model	free”		
• many	newborn	animals	can	walk	within	minutes	or	hours:	
giraffe,	horse	foal,	piglets,	camels,	zebra		and	more	

but:	
•  compute	is	cheap	
• nature:		has	done	much	learning	on	an	evolu^onary	^me	scale;	is	similar	
“transfer	learning”	possible	for	RL?	

32	



AlternaFves to RL

• AI	planning:					given	a	known	model	of	how	ac^on	impacts	world	
- e.g.,	searching	through	future	game	states	
	

•  Imita^on	learning	
- reduces	RL	to	supervised	learning	from	an	expert	
- collect	data,	learn	policy	
- failure	modes	exist	due	to	cumula^ve	nature	of	errors	
- combining	imita^on	+	RL	is	a	promising	direc^on	

33	

a = ⇡(s)
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RL has very limited data to learn from
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•  Produc^on	systems	
•  Autonomous	driving	
•  Business	management	
•  Chemistry	
•  Computer	Systems	
•  Energy	
•  Healthcare	
•  Robo^cs/manufacture	

“Challenges	of	Real-World		
Reinforcement	Learning”	
[Dulac-Arnold	et	al.]	

	“	… the	research	advances	in	RL	are	oren	hard	to	leverage	
in	real-world	systems	due	to	a	series	of	assump^ons	that	
are	rarely	sa^sfied	in	prac^ce”	

1.	Training	off-line	from	the	fixed	logs	of	an	external	behavior	policy.	
2.	Learning	on	the	real	system	from	limited	samples.	
3.	High-dimensional	con^nuous	state	and	ac^on	spaces.	
4.	Safety	constraints	that	should	never	or	at	least	rarely	be	violated.	
5.	Tasks	that	may	be	par^ally	observable	…	
6.	Reward	func^ons	that	are	unspecified,	mul^-objec^ve,	or	risk-sensi^ve.	
7.	System	operators	who	desire	explainable	policies	and	ac^ons.	
8.	Inference	that	must	happen	in	real-^me	at	the	control	frequency	of	the	system.	
9.	Large	and/or	unknown	delays	in	the	system	actuators,	sensors,	or	rewards.	

RL can be difficult to apply in pracFce



Reprodicibility and Bri^le Results

“Unfortunately,	reproducing	results	for		
state-of-the-art	deep	RL	methods	is		
seldom	straigh_orward.”	


