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• Challenges for Cloud Service Providers:  
• Operating large-scale, heterogeneous, commodity cluster with low cost 
• Dynamically allocating physical and virtual resources among consumers 
• Guaranteeing Quality of Services (QoS) (e.g., EMR job latency, S3 throughput) 
• … 

• Require expertise in: 
• Networking 
• System 
• Database 
• ……

Introduction - Cloud Management

!2Image source: Google Datacenter, https://www.google.com/about/datacenters/



• Apply RL techniques to improve computing systems:  
• Automate data collection, analysis, policy design, testing and deployment 
• Using trial-and-error in repetitive environment towards better performance 
• Adaptive to continuous changing of workloads 

• Challenges: 
• Tailoring problem formulations,  

state representations, reward structures, etc. 
• Curse of dimensionality: at the scale of clusters. 

• Instability and data-hunger of RL with  
deep learning techniques.

Introduction - Reinforcement Learning for Systems

Image source: Nature Volume 529, Issue 7587, 28 Jan. 2016, https://www.nature.com/nature/volumes/529/issues/7587 !3



Outline

• Introduction to Reinforcement Learning (RL) 
• Markov Decision Process (MDP) 
• Reinforcement Learning Basics 
• Value-based Method 
• Policy-based Method 
• Deep Reinforcement Learning 

• RL Applications in Cloud Management
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Formally, an MDP is  
• A set of states,  
• A set of actions,   
• A transition function, 
• A reward function,

Markov Decision Process (MDP)
State:          0, 1, 2;
Action:        A, B; 
Transition:  Pr(1|0,A)=1, Pr(2|0,B)=1
Reward:     (0,A,1):1, (0,B,2):2 
 
Markovian Property: Transitions & Rewards only based on current state and action.

image source: Smart, B. D. (2005). Reinforcement learning: A user’s guide. In Tutorial at International Conference on Autonomic Computing (ICAC 2005). !5
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<latexit sha1_base64="ErrfED5HzdG7jvfLgow/PZzkkBA=">AAACD3icbVDLSsNAFJ34rPUVdelmsIguSkmKoC6EohuXlTa20IQwmUzaoZMHMxOhhHyCG3/FjQsVt27d+TdO2iy09cDAmXPu5d57vIRRIQ3jW1taXlldW69sVDe3tnd29b39exGnHBMLxyzmfQ8JwmhELEklI/2EExR6jPS88U3h9x4IFzSOunKSECdEw4gGFCOpJFc/sUMkRxixrJPDK2hnHdesw47brEMb+7EUxadr565eMxrGFHCRmCWpgRJtV/+y/RinIYkkZkiIgWkk0skQlxQzklftVJAE4TEakoGiEQqJcLLpQTk8VooPg5irF0k4VX93ZCgUYhJ6qrJYX8x7hfifN0hlcOFkNEpSSSI8GxSkDMoYFulAn3KCJZsogjCnaleIR4gjLFWGVRWCOX/yIrGajcuGeXdWa12XaVTAITgCp8AE56AFbkEbWACDR/AMXsGb9qS9aO/ax6x0SSt7DsAfaJ8/AGea3Q==</latexit><latexit sha1_base64="ErrfED5HzdG7jvfLgow/PZzkkBA=">AAACD3icbVDLSsNAFJ34rPUVdelmsIguSkmKoC6EohuXlTa20IQwmUzaoZMHMxOhhHyCG3/FjQsVt27d+TdO2iy09cDAmXPu5d57vIRRIQ3jW1taXlldW69sVDe3tnd29b39exGnHBMLxyzmfQ8JwmhELEklI/2EExR6jPS88U3h9x4IFzSOunKSECdEw4gGFCOpJFc/sUMkRxixrJPDK2hnHdesw47brEMb+7EUxadr565eMxrGFHCRmCWpgRJtV/+y/RinIYkkZkiIgWkk0skQlxQzklftVJAE4TEakoGiEQqJcLLpQTk8VooPg5irF0k4VX93ZCgUYhJ6qrJYX8x7hfifN0hlcOFkNEpSSSI8GxSkDMoYFulAn3KCJZsogjCnaleIR4gjLFWGVRWCOX/yIrGajcuGeXdWa12XaVTAITgCp8AE56AFbkEbWACDR/AMXsGb9qS9aO/ax6x0SSt7DsAfaJ8/AGea3Q==</latexit><latexit sha1_base64="ErrfED5HzdG7jvfLgow/PZzkkBA=">AAACD3icbVDLSsNAFJ34rPUVdelmsIguSkmKoC6EohuXlTa20IQwmUzaoZMHMxOhhHyCG3/FjQsVt27d+TdO2iy09cDAmXPu5d57vIRRIQ3jW1taXlldW69sVDe3tnd29b39exGnHBMLxyzmfQ8JwmhELEklI/2EExR6jPS88U3h9x4IFzSOunKSECdEw4gGFCOpJFc/sUMkRxixrJPDK2hnHdesw47brEMb+7EUxadr565eMxrGFHCRmCWpgRJtV/+y/RinIYkkZkiIgWkk0skQlxQzklftVJAE4TEakoGiEQqJcLLpQTk8VooPg5irF0k4VX93ZCgUYhJ6qrJYX8x7hfifN0hlcOFkNEpSSSI8GxSkDMoYFulAn3KCJZsogjCnaleIR4gjLFWGVRWCOX/yIrGajcuGeXdWa12XaVTAITgCp8AE56AFbkEbWACDR/AMXsGb9qS9aO/ax6x0SSt7DsAfaJ8/AGea3Q==</latexit><latexit sha1_base64="ErrfED5HzdG7jvfLgow/PZzkkBA=">AAACD3icbVDLSsNAFJ34rPUVdelmsIguSkmKoC6EohuXlTa20IQwmUzaoZMHMxOhhHyCG3/FjQsVt27d+TdO2iy09cDAmXPu5d57vIRRIQ3jW1taXlldW69sVDe3tnd29b39exGnHBMLxyzmfQ8JwmhELEklI/2EExR6jPS88U3h9x4IFzSOunKSECdEw4gGFCOpJFc/sUMkRxixrJPDK2hnHdesw47brEMb+7EUxadr565eMxrGFHCRmCWpgRJtV/+y/RinIYkkZkiIgWkk0skQlxQzklftVJAE4TEakoGiEQqJcLLpQTk8VooPg5irF0k4VX93ZCgUYhJ6qrJYX8x7hfifN0hlcOFkNEpSSSI8GxSkDMoYFulAn3KCJZsogjCnaleIR4gjLFWGVRWCOX/yIrGajcuGeXdWa12XaVTAITgCp8AE56AFbkEbWACDR/AMXsGb9qS9aO/ax6x0SSt7DsAfaJ8/AGea3Q==</latexit>
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<latexit sha1_base64="9gOIIxUaQdwYbsMMWLKRngCC6y4=">AAACD3icbVC7TgJBFL3rE/GFWtpMIEYTCdmlUQsT0MYSExASdrOZnR1gwuwjM7MmZMMn2PgF/oONhRpbWzv/xlmgUPAkk5w5597ce48XcyaVaX4bS8srq2vruY385tb2zm5hb/9ORokgtEUiHomOhyXlLKQtxRSnnVhQHHictr3hdea376mQLAqbahRTJ8D9kPUYwUpLbuHYDrAaEMzT+hhdIjutu1YZ1d1qGdnEj5TMPk177BZKZsWcAC0Sa0ZKtaJ9+gQADbfwZfsRSQIaKsKxlF3LjJWTYqEY4XSctxNJY0yGuE+7moY4oNJJJweN0ZFWfNSLhH6hQhP1d0eKAylHgacrs/XlvJeJ/3ndRPXOnZSFcaJoSKaDeglHKkJZOshnghLFR5pgIpjeFZEBFpgonWFeh2DNn7xIWtXKRcW6tUq1K5giB4dQhBOw4AxqcAMNaAGBB3iGV3gzHo0X4934mJYuGbOeA/gD4/MHnnacGw==</latexit><latexit sha1_base64="5VoHwBG594oawhxkC3xfiZ/U0uo=">AAACD3icbVDLTsJAFJ3iC/FVdelmAjGaSEjLRl2YgG5cYgJCQkkznU5hwrTTzExNSMMnuDH+iRsXaty6dcffOAUWCp5kkjPn3Jt77/FiRqWyrImRW1ldW9/Ibxa2tnd298z9g3vJE4FJC3PGRcdDkjAakZaiipFOLAgKPUba3vAm89sPREjKo6YaxaQXon5EA4qR0pJrnjghUgOMWFofwyvopHXXLsO6Wy1DB/tcyezTdMauWbIq1hRwmdhzUqoVnbPnSW3UcM1vx+c4CUmkMENSdm0rVr0UCUUxI+OCk0gSIzxEfdLVNEIhkb10etAYHmvFhwEX+kUKTtXfHSkKpRyFnq7M1peLXib+53UTFVz0UhrFiSIRng0KEgYVh1k60KeCYMVGmiAsqN4V4gESCCudYUGHYC+evExa1cplxb6zS7VrMEMeHIEiOAU2OAc1cAsaoAUweAQv4A28G0/Gq/FhfM5Kc8a85xD8gfH1A6ZanaE=</latexit><latexit sha1_base64="5VoHwBG594oawhxkC3xfiZ/U0uo=">AAACD3icbVDLTsJAFJ3iC/FVdelmAjGaSEjLRl2YgG5cYgJCQkkznU5hwrTTzExNSMMnuDH+iRsXaty6dcffOAUWCp5kkjPn3Jt77/FiRqWyrImRW1ldW9/Ibxa2tnd298z9g3vJE4FJC3PGRcdDkjAakZaiipFOLAgKPUba3vAm89sPREjKo6YaxaQXon5EA4qR0pJrnjghUgOMWFofwyvopHXXLsO6Wy1DB/tcyezTdMauWbIq1hRwmdhzUqoVnbPnSW3UcM1vx+c4CUmkMENSdm0rVr0UCUUxI+OCk0gSIzxEfdLVNEIhkb10etAYHmvFhwEX+kUKTtXfHSkKpRyFnq7M1peLXib+53UTFVz0UhrFiSIRng0KEgYVh1k60KeCYMVGmiAsqN4V4gESCCudYUGHYC+evExa1cplxb6zS7VrMEMeHIEiOAU2OAc1cAsaoAUweAQv4A28G0/Gq/FhfM5Kc8a85xD8gfH1A6ZanaE=</latexit><latexit sha1_base64="iM2J5r6WSzXw5s7iyQzZ8NU/hA0=">AAACD3icbVC7TsMwFHXKq5RXgJHFokIwVFXSBRiQWlgYi9TQSk0UOY7TWnUesh2kKsonsPArLAyAWFnZ+BucNgO0HMnS8Tn36t57vIRRIQ3jW6usrK6tb1Q3a1vbO7t7+v7BvYhTjomFYxbzgYcEYTQilqSSkUHCCQo9Rvre5Kbw+w+ECxpHPTlNiBOiUUQDipFUkquf2iGSY4xY1snhFbSzjms2YMdtNaCN/ViK4tOzc1evG01jBrhMzJLUQYmuq3/ZfozTkEQSMyTE0DQS6WSIS4oZyWt2KkiC8ASNyFDRCIVEONnsoByeKMWHQczViyScqb87MhQKMQ09VVmsLxa9QvzPG6YyuHAyGiWpJBGeDwpSBmUMi3SgTznBkk0VQZhTtSvEY8QRlirDmgrBXDx5mVit5mXTvDPr7esyjSo4AsfgDJjgHLTBLegCC2DwCJ7BK3jTnrQX7V37mJdWtLLnEPyB9vkDjYCakg==</latexit>
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<latexit sha1_base64="U557lbzaegcvAmhVDwRzBCLLodU=">AAACJnicbVDJSgNBFHzjGuMW9eilSRAEJcx4US8S9eIxojGBzBB6Op2kSc9C9xslDPkXD178FS+CC+LNT7GzIJpY0FBU1aPfKz+WQqNtf1ozs3PzC4uZpezyyuraem5j80ZHiWK8wiIZqZpPNZci5BUUKHktVpwGvuRVv3s+8Ku3XGkRhdfYi7kX0HYoWoJRNFIjd+IGFDuMyvSq76IIuP4RTicFk1Ci3UGqVHRH6va+4zVyBbtoD0GmiTMmhVLe3bsHgHIj9+I2I5YEPEQmqdZ1x47RS6lCwSTvZ91E85iyLm3zuqEhNQt46fDOPtkxSpO0ImVeiGSo/p5IaaB1L/BNcrCznvQG4n9ePcHWkZeKME6Qh2z0USuRBCMyKI00heIMZc8QypQwuxLWoYoyNNVmTQnO5MnTpHJQPC46l06hdAYjZGAb8rALDhxCCS6gDBVg8ABP8Apv1qP1bL1bH6PojDWe2YI/sL6+AQZ/qOg=</latexit><latexit sha1_base64="V20OR1IuSjqFjgVyNSWavwA5l9s=">AAACJnicbVDLSgMxFM3UV62vUZduQosgKGXGjbqRUTcuK1pb6Awlk6ZtaOZBckcpQ//CT3Djr7gRfCDd+Slm2iLaeiBwOOdccu/xY8EVWNbQyM3NLywu5ZcLK6tr6xvm5tatihJJWZVGIpJ1nygmeMiqwEGweiwZCXzBan7vIvNrd0wqHoU30I+ZF5BOyNucEtBS0zx1AwJdSkR6PXCBB0z9CGfTgk5I3ukCkTK6xw3rwPaaZskqWyPgWWJPSMkpuvsPQ6dfaZqvbiuiScBCoIIo1bCtGLyUSOBUsEHBTRSLCe2RDmtoGhK9gJeO7hzgXa20cDuS+oWAR+rviZQESvUDXyezndW0l4n/eY0E2sdeysM4ARbS8UftRGCIcFYabnHJKIi+JoRKrnfFtEskoaCrLegS7OmTZ0n1sHxStq/sknOOxsijHVREe8hGR8hBl6iCqoiiR/SM3tC78WS8GB/G5ziaMyYz2+gPjK9vDmOqbg==</latexit><latexit sha1_base64="V20OR1IuSjqFjgVyNSWavwA5l9s=">AAACJnicbVDLSgMxFM3UV62vUZduQosgKGXGjbqRUTcuK1pb6Awlk6ZtaOZBckcpQ//CT3Djr7gRfCDd+Slm2iLaeiBwOOdccu/xY8EVWNbQyM3NLywu5ZcLK6tr6xvm5tatihJJWZVGIpJ1nygmeMiqwEGweiwZCXzBan7vIvNrd0wqHoU30I+ZF5BOyNucEtBS0zx1AwJdSkR6PXCBB0z9CGfTgk5I3ukCkTK6xw3rwPaaZskqWyPgWWJPSMkpuvsPQ6dfaZqvbiuiScBCoIIo1bCtGLyUSOBUsEHBTRSLCe2RDmtoGhK9gJeO7hzgXa20cDuS+oWAR+rviZQESvUDXyezndW0l4n/eY0E2sdeysM4ARbS8UftRGCIcFYabnHJKIi+JoRKrnfFtEskoaCrLegS7OmTZ0n1sHxStq/sknOOxsijHVREe8hGR8hBl6iCqoiiR/SM3tC78WS8GB/G5ziaMyYz2+gPjK9vDmOqbg==</latexit><latexit sha1_base64="GlGIAXOhzeCVqx8xJqxYt5bjrio=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0VwISVxo26k6sZlRWMLSSiT6aQdOnkwc6OU0L9x46+4EXwg7vwUp20QbT0wcDjnXObeE6SCK7CsT6M0N7+wuFRerqysrq1vmJtbtyrJJGUOTUQiWwFRTPCYOcBBsFYqGYkCwZpB/2LkN++YVDyJb2CQMj8i3ZiHnBLQUts89SICPUpEfj30gEdM/Qhn04JOSN7tAZEyuceudWD7bbNq1awx8CyxC1JFBRpt88XrJDSLWAxUEKVc20rBz4kETgUbVrxMsZTQPukyV9OY6AX8fHznEO9ppYPDROoXAx6rvydyEik1iAKdHO2spr2R+J/nZhAe+zmP0wxYTCcfhZnAkOBRabjDJaMgBpoQKrneFdMekYSCrraiS7CnT54lzmHtpGZf2dX6edFGGe2gXbSPbHSE6ugSNZCDKHpAT+gVvRmPxrPxbnxMoiWjmNlGf2B8fQP1eqdf</latexit>

S ⇥A⇥ S ! R
<latexit sha1_base64="wyq/WavfkTY+8y+svOsXRpr4GeI=">AAACMHicbZDLSsNAFIYnXmu9RV26GSyCq5KIoO6qbrqsl9hCE8pkOm2HTi7MnCgl5JXc+CbipgsVtz6FkzaItv4w8POdc5hzfj8WXIFljY2FxaXlldXSWnl9Y3Nr29zZvVdRIilzaCQi2fKJYoKHzAEOgrViyUjgC9b0h1d5vfnApOJReAejmHkB6Ye8xykBjTpm3Q0IDCgR6W2GXeABU/gHXcyjvEvy/gCIlNHjlPt+epN1zIpVtSbC88YuTAUVanTMF7cb0SRgIVBBlGrbVgxeSiRwKlhWdhPFYkKHpM/a2oZE7+Glk4szfKhJF/ciqV8IeEJ/T6QkUGoU+Loz31DN1nL4X62dQO/MS3kYJ8BCOv2olwgMEc7jw10uGQUx0oZQyfWumA6IJBR0yGUdgj178rxxjqvnVfv6pFK7LNIooX10gI6QjU5RDdVRAzmIoif0it7Qu/FsjI0P43PaumAUM3voj4yvb3PeqzU=</latexit><latexit sha1_base64="wyq/WavfkTY+8y+svOsXRpr4GeI=">AAACMHicbZDLSsNAFIYnXmu9RV26GSyCq5KIoO6qbrqsl9hCE8pkOm2HTi7MnCgl5JXc+CbipgsVtz6FkzaItv4w8POdc5hzfj8WXIFljY2FxaXlldXSWnl9Y3Nr29zZvVdRIilzaCQi2fKJYoKHzAEOgrViyUjgC9b0h1d5vfnApOJReAejmHkB6Ye8xykBjTpm3Q0IDCgR6W2GXeABU/gHXcyjvEvy/gCIlNHjlPt+epN1zIpVtSbC88YuTAUVanTMF7cb0SRgIVBBlGrbVgxeSiRwKlhWdhPFYkKHpM/a2oZE7+Glk4szfKhJF/ciqV8IeEJ/T6QkUGoU+Loz31DN1nL4X62dQO/MS3kYJ8BCOv2olwgMEc7jw10uGQUx0oZQyfWumA6IJBR0yGUdgj178rxxjqvnVfv6pFK7LNIooX10gI6QjU5RDdVRAzmIoif0it7Qu/FsjI0P43PaumAUM3voj4yvb3PeqzU=</latexit><latexit sha1_base64="wyq/WavfkTY+8y+svOsXRpr4GeI=">AAACMHicbZDLSsNAFIYnXmu9RV26GSyCq5KIoO6qbrqsl9hCE8pkOm2HTi7MnCgl5JXc+CbipgsVtz6FkzaItv4w8POdc5hzfj8WXIFljY2FxaXlldXSWnl9Y3Nr29zZvVdRIilzaCQi2fKJYoKHzAEOgrViyUjgC9b0h1d5vfnApOJReAejmHkB6Ye8xykBjTpm3Q0IDCgR6W2GXeABU/gHXcyjvEvy/gCIlNHjlPt+epN1zIpVtSbC88YuTAUVanTMF7cb0SRgIVBBlGrbVgxeSiRwKlhWdhPFYkKHpM/a2oZE7+Glk4szfKhJF/ciqV8IeEJ/T6QkUGoU+Loz31DN1nL4X62dQO/MS3kYJ8BCOv2olwgMEc7jw10uGQUx0oZQyfWumA6IJBR0yGUdgj178rxxjqvnVfv6pFK7LNIooX10gI6QjU5RDdVRAzmIoif0it7Qu/FsjI0P43PaumAUM3voj4yvb3PeqzU=</latexit><latexit sha1_base64="wyq/WavfkTY+8y+svOsXRpr4GeI=">AAACMHicbZDLSsNAFIYnXmu9RV26GSyCq5KIoO6qbrqsl9hCE8pkOm2HTi7MnCgl5JXc+CbipgsVtz6FkzaItv4w8POdc5hzfj8WXIFljY2FxaXlldXSWnl9Y3Nr29zZvVdRIilzaCQi2fKJYoKHzAEOgrViyUjgC9b0h1d5vfnApOJReAejmHkB6Ye8xykBjTpm3Q0IDCgR6W2GXeABU/gHXcyjvEvy/gCIlNHjlPt+epN1zIpVtSbC88YuTAUVanTMF7cb0SRgIVBBlGrbVgxeSiRwKlhWdhPFYkKHpM/a2oZE7+Glk4szfKhJF/ciqV8IeEJ/T6QkUGoU+Loz31DN1nL4X62dQO/MS3kYJ8BCOv2olwgMEc7jw10uGQUx0oZQyfWumA6IJBR0yGUdgj178rxxjqvnVfv6pFK7LNIooX10gI6QjU5RDdVRAzmIoif0it7Qu/FsjI0P43PaumAUM3voj4yvb3PeqzU=</latexit>

Ra
ss0

.
= E[Rt+1|St = s,At = a, St+1 = s0]

<latexit sha1_base64="WreYdRtjIRPTrVmgwbt5uNLeHcI="></latexit><latexit sha1_base64="n9i0Ezt8vR7wt4Z2iuOSyolxy2I="></latexit><latexit sha1_base64="n9i0Ezt8vR7wt4Z2iuOSyolxy2I="></latexit><latexit sha1_base64="8NYOQgdIi8TaR13E819GPOjZhX0="></latexit>

Pa
ss0

.
= Pr[St+1 = s0|St = s,At = a]

<latexit sha1_base64="cTzF6V0SOMPGUZvw+6pIRB+dlPI="></latexit><latexit sha1_base64="3k9fXFcSrCjZ9bhybYdmJrH8z8o="></latexit><latexit sha1_base64="3k9fXFcSrCjZ9bhybYdmJrH8z8o="></latexit><latexit sha1_base64="uFGHsTRSMYFN3krdA16XzBXnOzI="></latexit>



Policy:  
    Pr(B|0)=1, Pr(A|0)=0

Reinforcement Learning Basics
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v⇡(s)
.
= E⇡[Gt|St = s]

<latexit sha1_base64="/c4mvDQaUkwgQDsN7oBIymTONu8=">AAACFXicbVDLSgMxFM34rPVVdekmWIS6sMyIoC6EooguK1pbmBmGTJq2oZmHyZ1CGfsVbvwVNy5U3Aru/BszbRfaeiDhcM69yb3HjwVXYJrfxszs3PzCYm4pv7yyurZe2Ni8U1EiKavRSESy4RPFBA9ZDTgI1oglI4EvWN3vnmd+vcek4lF4C/2YuQFph7zFKQEteYX9nufEvKT2sNOMgN1jJyDQ8f30YpAZ9qUH+AHf6PsUK9crFM2yOQSeJtaYFNEYVa/wpZ+lScBCoIIoZVtmDG5KJHAq2CDvJIrFhHZJm9mahiRgyk2Haw3wrlaauBVJfULAQ/V3R0oCpfqBryuzodWkl4n/eXYCrWM35WGcAAvp6KNWIjBEOMsIN7lkFERfE0Il17Ni2iGSUNBJ5nUI1uTK06R2UD4pW9eHxcrZOI0c2kY7qIQsdIQq6ApVUQ1R9Iie0St6M56MF+Pd+BiVzhjjni30B8bnD7e6ngc=</latexit><latexit sha1_base64="/c4mvDQaUkwgQDsN7oBIymTONu8=">AAACFXicbVDLSgMxFM34rPVVdekmWIS6sMyIoC6EooguK1pbmBmGTJq2oZmHyZ1CGfsVbvwVNy5U3Aru/BszbRfaeiDhcM69yb3HjwVXYJrfxszs3PzCYm4pv7yyurZe2Ni8U1EiKavRSESy4RPFBA9ZDTgI1oglI4EvWN3vnmd+vcek4lF4C/2YuQFph7zFKQEteYX9nufEvKT2sNOMgN1jJyDQ8f30YpAZ9qUH+AHf6PsUK9crFM2yOQSeJtaYFNEYVa/wpZ+lScBCoIIoZVtmDG5KJHAq2CDvJIrFhHZJm9mahiRgyk2Haw3wrlaauBVJfULAQ/V3R0oCpfqBryuzodWkl4n/eXYCrWM35WGcAAvp6KNWIjBEOMsIN7lkFERfE0Il17Ni2iGSUNBJ5nUI1uTK06R2UD4pW9eHxcrZOI0c2kY7qIQsdIQq6ApVUQ1R9Iie0St6M56MF+Pd+BiVzhjjni30B8bnD7e6ngc=</latexit><latexit sha1_base64="/c4mvDQaUkwgQDsN7oBIymTONu8=">AAACFXicbVDLSgMxFM34rPVVdekmWIS6sMyIoC6EooguK1pbmBmGTJq2oZmHyZ1CGfsVbvwVNy5U3Aru/BszbRfaeiDhcM69yb3HjwVXYJrfxszs3PzCYm4pv7yyurZe2Ni8U1EiKavRSESy4RPFBA9ZDTgI1oglI4EvWN3vnmd+vcek4lF4C/2YuQFph7zFKQEteYX9nufEvKT2sNOMgN1jJyDQ8f30YpAZ9qUH+AHf6PsUK9crFM2yOQSeJtaYFNEYVa/wpZ+lScBCoIIoZVtmDG5KJHAq2CDvJIrFhHZJm9mahiRgyk2Haw3wrlaauBVJfULAQ/V3R0oCpfqBryuzodWkl4n/eXYCrWM35WGcAAvp6KNWIjBEOMsIN7lkFERfE0Il17Ni2iGSUNBJ5nUI1uTK06R2UD4pW9eHxcrZOI0c2kY7qIQsdIQq6ApVUQ1R9Iie0St6M56MF+Pd+BiVzhjjni30B8bnD7e6ngc=</latexit><latexit sha1_base64="/c4mvDQaUkwgQDsN7oBIymTONu8=">AAACFXicbVDLSgMxFM34rPVVdekmWIS6sMyIoC6EooguK1pbmBmGTJq2oZmHyZ1CGfsVbvwVNy5U3Aru/BszbRfaeiDhcM69yb3HjwVXYJrfxszs3PzCYm4pv7yyurZe2Ni8U1EiKavRSESy4RPFBA9ZDTgI1oglI4EvWN3vnmd+vcek4lF4C/2YuQFph7zFKQEteYX9nufEvKT2sNOMgN1jJyDQ8f30YpAZ9qUH+AHf6PsUK9crFM2yOQSeJtaYFNEYVa/wpZ+lScBCoIIoZVtmDG5KJHAq2CDvJIrFhHZJm9mahiRgyk2Haw3wrlaauBVJfULAQ/V3R0oCpfqBryuzodWkl4n/eXYCrWM35WGcAAvp6KNWIjBEOMsIN7lkFERfE0Il17Ni2iGSUNBJ5nUI1uTK06R2UD4pW9eHxcrZOI0c2kY7qIQsdIQq6ApVUQ1R9Iie0St6M56MF+Pd+BiVzhjjni30B8bnD7e6ngc=</latexit>

The state-value function: expected return from state      following policy     s
<latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit> ⇡

<latexit sha1_base64="/NcrzpYVN+7TSKlkZ+rEbaNmcjQ=">AAAB6XicbZA9SwNBEIbn4lc8v6KWNotBsAp3NmohBm0sI3omkBxhb7OXLNnbO3bnhBAC/gEbCxVbf4y9nf/GzUeh0RcWHt53hp2ZKJPCoOd9OYWFxaXlleKqu7a+sblV2t65M2muGQ9YKlPdiKjhUigeoEDJG5nmNIkkr0f9y3Fev+faiFTd4iDjYUK7SsSCUbTWTSsT7VLZq3gTkb/gz6B8/uGePQBArV36bHVSlidcIZPUmKbvZRgOqUbBJB+5rdzwjLI+7fKmRUUTbsLhZNQRObBOh8Sptk8hmbg/O4Y0MWaQRLYyodgz89nY/C9r5hifhEOhshy5YtOP4lwSTMl4b9IRmjOUAwuUaWFnJaxHNWVor+PaI/jzK/+F4KhyWvGv/XL1AqYqwh7swyH4cAxVuIIaBMCgC4/wDC+OdJ6cV+dtWlpwZj278EvO+zcp349r</latexit><latexit sha1_base64="/dxXnbaR4b8rt9Uh+BA1CKkXDck=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsejGZUXHFtqhZNJMG5rJhCQjlKGP4MaFits+jHs34tuYXhba+kPg4//PIeecSHKmjed9O4Wl5ZXVteK6u7G5tb1T2t170GmmCA1IylPViLCmnAkaGGY4bUhFcRJxWo/61+O8/kiVZqm4NwNJwwR3BYsZwcZady3J2qWyV/EmQovgz6B8+eFeyNGXW2uXPludlGQJFYZwrHXT96QJc6wMI5wO3VamqcSkj7u0aVHghOown4w6REfW6aA4VfYJgybu744cJ1oPkshWJtj09Hw2Nv/LmpmJz8KcCZkZKsj0ozjjyKRovDfqMEWJ4QMLmChmZ0WkhxUmxl7HtUfw51dehOCkcl7xb/1y9QqmKsIBHMIx+HAKVbiBGgRAoAtP8AKvDneenTfnfVpacGY9+/BHzugHGfqQ3w==</latexit><latexit sha1_base64="/dxXnbaR4b8rt9Uh+BA1CKkXDck=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsejGZUXHFtqhZNJMG5rJhCQjlKGP4MaFits+jHs34tuYXhba+kPg4//PIeecSHKmjed9O4Wl5ZXVteK6u7G5tb1T2t170GmmCA1IylPViLCmnAkaGGY4bUhFcRJxWo/61+O8/kiVZqm4NwNJwwR3BYsZwcZady3J2qWyV/EmQovgz6B8+eFeyNGXW2uXPludlGQJFYZwrHXT96QJc6wMI5wO3VamqcSkj7u0aVHghOown4w6REfW6aA4VfYJgybu744cJ1oPkshWJtj09Hw2Nv/LmpmJz8KcCZkZKsj0ozjjyKRovDfqMEWJ4QMLmChmZ0WkhxUmxl7HtUfw51dehOCkcl7xb/1y9QqmKsIBHMIx+HAKVbiBGgRAoAtP8AKvDneenTfnfVpacGY9+/BHzugHGfqQ3w==</latexit><latexit sha1_base64="UtYOU2I12UFI/AE046svYuHBblg=">AAAB6XicbVBNT8JAEJ3iF+IX6tHLRmLiibRexBvRi0eMVkigIdtlCxu222Z3akIafoIXD2q8+o+8+W9coAcFXzLJy3szmZkXplIYdN1vp7S2vrG5Vd6u7Ozu7R9UD48eTZJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4Zua3n7g2IlEPOEl5ENOhEpFgFK1030tFv1pz6+4cZJV4BalBgVa/+tUbJCyLuUImqTFdz00xyKlGwSSfVnqZ4SllYzrkXUsVjbkJ8vmpU3JmlQGJEm1LIZmrvydyGhsziUPbGVMcmWVvJv7ndTOMGkEuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K3/PIq8S/qV3Xvzqs1r4s0ynACp3AOHlxCE26hBT4wGMIzvMKbI50X5935WLSWnGLmGP7A+fwBvGWNng==</latexit>

The action-value function: expected return from    , taking action    , then followings
<latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit> a

<latexit sha1_base64="KxjHeUD0+oiMbXoonI+sPDMofAY=">AAAB53icbZC7SwNBEMbn4iuer6ilzWIQrMKdjVqIQRvLBDwTSI6wt5lL1uw92N0TwhGwt7FQsfWvsbfzv3HzKDTxg4Uf3zfDzkyQCq6043xbhaXlldW14rq9sbm1vVPa3btTSSYZeiwRiWwGVKHgMXqaa4HNVCKNAoGNYHA9zhsPKBVP4ls9TNGPaC/mIWdUG6tOO6WyU3EmIovgzqB8+WlfPAJArVP6ancTlkUYayaoUi3XSbWfU6k5Eziy25nClLIB7WHLYEwjVH4+GXREjozTJWEizYs1mbi/O3IaKTWMAlMZUd1X89nY/C9rZTo883Mep5nGmE0/CjNBdELGW5Mul8i0GBqgTHIzK2F9KinT5ja2OYI7v/IieCeV84pbd8vVK5iqCAdwCMfgwilU4QZq4AEDhCd4gVfr3nq23qz3aWnBmvXswx9ZHz+eVY6D</latexit><latexit sha1_base64="vtit9VmQCSjbwbwmWfMzdzsxGoc=">AAAB53icbZA9SwNBEIbn4lc8v6KWNotBsAp3NmohBm0sE/BMIDnC3mYuWbP3we6eEI78AhsLFVvxx9jbiP/GTWKhiS8sPLzvDDszQSq40o7zZRUWFpeWV4qr9tr6xuZWaXvnRiWZZOixRCSyGVCFgsfoaa4FNlOJNAoENoLB5Thv3KFUPImv9TBFP6K9mIecUW2sOu2Uyk7FmYjMg/sD5fN3+yx9+7RrndJHu5uwLMJYM0GVarlOqv2cSs2ZwJHdzhSmlA1oD1sGYxqh8vPJoCNyYJwuCRNpXqzJxP3dkdNIqWEUmMqI6r6azcbmf1kr0+GJn/M4zTTGbPpRmAmiEzLemnS5RKbF0ABlkptZCetTSZk2t7HNEdzZlefBO6qcVty6W65ewFRF2IN9OAQXjqEKV1ADDxgg3MMjPFm31oP1bL1MSwvWT88u/JH1+g2OcI/3</latexit><latexit sha1_base64="vtit9VmQCSjbwbwmWfMzdzsxGoc=">AAAB53icbZA9SwNBEIbn4lc8v6KWNotBsAp3NmohBm0sE/BMIDnC3mYuWbP3we6eEI78AhsLFVvxx9jbiP/GTWKhiS8sPLzvDDszQSq40o7zZRUWFpeWV4qr9tr6xuZWaXvnRiWZZOixRCSyGVCFgsfoaa4FNlOJNAoENoLB5Thv3KFUPImv9TBFP6K9mIecUW2sOu2Uyk7FmYjMg/sD5fN3+yx9+7RrndJHu5uwLMJYM0GVarlOqv2cSs2ZwJHdzhSmlA1oD1sGYxqh8vPJoCNyYJwuCRNpXqzJxP3dkdNIqWEUmMqI6r6azcbmf1kr0+GJn/M4zTTGbPpRmAmiEzLemnS5RKbF0ABlkptZCetTSZk2t7HNEdzZlefBO6qcVty6W65ewFRF2IN9OAQXjqEKV1ADDxgg3MMjPFm31oP1bL1MSwvWT88u/JH1+g2OcI/3</latexit><latexit sha1_base64="UR8RAjAflAE1RKKvn+MnZdqhiGk=">AAAB53icbVBNT8JAEJ3iF+IX6tHLRmLiibRe1BvRi0dIrJBAQ7bLFFa222Z3a0IafoEXD2q8+pe8+W9coAcFXzLJy3szmZkXpoJr47rfTmltfWNzq7xd2dnd2z+oHh496CRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzvz2EyrNE3lvJikGMR1KHnFGjZVatF+tuXV3DrJKvILUoECzX/3qDRKWxSgNE1TrruemJsipMpwJnFZ6mcaUsjEdYtdSSWPUQT4/dErOrDIgUaJsSUPm6u+JnMZaT+LQdsbUjPSyNxP/87qZia6CnMs0MyjZYlGUCWISMvuaDLhCZsTEEsoUt7cSNqKKMmOzqdgQvOWXV4l/Ub+uey2v1rgp0ijDCZzCOXhwCQ24gyb4wADhGV7hzXl0Xpx352PRWnKKmWP4A+fzBzDqjLY=</latexit>

⇡
<latexit sha1_base64="/NcrzpYVN+7TSKlkZ+rEbaNmcjQ=">AAAB6XicbZA9SwNBEIbn4lc8v6KWNotBsAp3NmohBm0sI3omkBxhb7OXLNnbO3bnhBAC/gEbCxVbf4y9nf/GzUeh0RcWHt53hp2ZKJPCoOd9OYWFxaXlleKqu7a+sblV2t65M2muGQ9YKlPdiKjhUigeoEDJG5nmNIkkr0f9y3Fev+faiFTd4iDjYUK7SsSCUbTWTSsT7VLZq3gTkb/gz6B8/uGePQBArV36bHVSlidcIZPUmKbvZRgOqUbBJB+5rdzwjLI+7fKmRUUTbsLhZNQRObBOh8Sptk8hmbg/O4Y0MWaQRLYyodgz89nY/C9r5hifhEOhshy5YtOP4lwSTMl4b9IRmjOUAwuUaWFnJaxHNWVor+PaI/jzK/+F4KhyWvGv/XL1AqYqwh7swyH4cAxVuIIaBMCgC4/wDC+OdJ6cV+dtWlpwZj278EvO+zcp349r</latexit><latexit sha1_base64="/dxXnbaR4b8rt9Uh+BA1CKkXDck=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsejGZUXHFtqhZNJMG5rJhCQjlKGP4MaFits+jHs34tuYXhba+kPg4//PIeecSHKmjed9O4Wl5ZXVteK6u7G5tb1T2t170GmmCA1IylPViLCmnAkaGGY4bUhFcRJxWo/61+O8/kiVZqm4NwNJwwR3BYsZwcZady3J2qWyV/EmQovgz6B8+eFeyNGXW2uXPludlGQJFYZwrHXT96QJc6wMI5wO3VamqcSkj7u0aVHghOown4w6REfW6aA4VfYJgybu744cJ1oPkshWJtj09Hw2Nv/LmpmJz8KcCZkZKsj0ozjjyKRovDfqMEWJ4QMLmChmZ0WkhxUmxl7HtUfw51dehOCkcl7xb/1y9QqmKsIBHMIx+HAKVbiBGgRAoAtP8AKvDneenTfnfVpacGY9+/BHzugHGfqQ3w==</latexit><latexit sha1_base64="/dxXnbaR4b8rt9Uh+BA1CKkXDck=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsejGZUXHFtqhZNJMG5rJhCQjlKGP4MaFits+jHs34tuYXhba+kPg4//PIeecSHKmjed9O4Wl5ZXVteK6u7G5tb1T2t170GmmCA1IylPViLCmnAkaGGY4bUhFcRJxWo/61+O8/kiVZqm4NwNJwwR3BYsZwcZady3J2qWyV/EmQovgz6B8+eFeyNGXW2uXPludlGQJFYZwrHXT96QJc6wMI5wO3VamqcSkj7u0aVHghOown4w6REfW6aA4VfYJgybu744cJ1oPkshWJtj09Hw2Nv/LmpmJz8KcCZkZKsj0ozjjyKRovDfqMEWJ4QMLmChmZ0WkhxUmxl7HtUfw51dehOCkcl7xb/1y9QqmKsIBHMIx+HAKVbiBGgRAoAtP8AKvDneenTfnfVpacGY9+/BHzugHGfqQ3w==</latexit><latexit sha1_base64="UtYOU2I12UFI/AE046svYuHBblg=">AAAB6XicbVBNT8JAEJ3iF+IX6tHLRmLiibRexBvRi0eMVkigIdtlCxu222Z3akIafoIXD2q8+o+8+W9coAcFXzLJy3szmZkXplIYdN1vp7S2vrG5Vd6u7Ozu7R9UD48eTZJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4Zua3n7g2IlEPOEl5ENOhEpFgFK1030tFv1pz6+4cZJV4BalBgVa/+tUbJCyLuUImqTFdz00xyKlGwSSfVnqZ4SllYzrkXUsVjbkJ8vmpU3JmlQGJEm1LIZmrvydyGhsziUPbGVMcmWVvJv7ndTOMGkEuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K3/PIq8S/qV3Xvzqs1r4s0ynACp3AOHlxCE26hBT4wGMIzvMKbI50X5935WLSWnGLmGP7A+fwBvGWNng==</latexit>

q⇡(s, a)
.
= E⇡[Gt|St = s,At = a]

<latexit sha1_base64="+N/SW2N2auHe8ccLk//eUoKmtJU="></latexit><latexit sha1_base64="Rm0R/1uOA3RNwGtQnt2gJ6hypSw="></latexit><latexit sha1_base64="Rm0R/1uOA3RNwGtQnt2gJ6hypSw="></latexit><latexit sha1_base64="egVSiG8FPV1qzBhAVyP5oqwY9I0=">AAACIHicbVDLTgIxFO3gC/E16tJNIzHBhJAZN+LCBDVGlxhFTGAy6ZQCDZ0H7R0TMvIrbvwVNy7U6E6/xg6wUPAkbU7Oube993iR4Aos68vIzM0vLC5ll3Mrq2vrG+bm1q0KY0lZjYYilHceUUzwgNWAg2B3kWTE9wSre72z1K/fM6l4GNzAIGKOTzoBb3NKQEuuWe67zYgXVJHs42YrBNbHTZ9A1/OS82FqNS5cwA/4Wt/HWBXxyYgQxzXzVskaAc8Se0LyaIKqa37q92nsswCoIEo1bCsCJyESOBVsmGvGikWE9kiHNTQNiM+Uk4w2HOI9rbRwO5T6BIBH6u+OhPhKDXxPV6bTq2kvFf/zGjG0y07CgygGFtDxR+1YYAhxGhducckoiIEmhEquZ8W0SyShoEPN6RDs6ZVnSe2gdFSyr+x85XSSRhbtoF1UQDY6RBV0iaqohih6RM/oFb0ZT8aL8W58jEszxqRnG/2B8f0DN3GhOA==</latexit>

⇡(a|s) .
= Pr[At = a|St = s]

<latexit sha1_base64="r3pcZZ1E0m0q6uxz6OTV6BVUXbA=">AAACCXicbVC7TgMxENzjTXgFKGlMIqQgpOiOBiiQAjSUQXAkUu508jlOYuF7YO8hRYGaho/gB2goANHyB3T8Dc6jgMBIlkczu2vvhKkUGm37y5qYnJqemZ2bzy0sLi2v5FfXLnWSKcZdlshE1UOquRQxd1Gg5PVUcRqFktfCq5O+X7vhSoskvsBuyv2ItmPREoyikYL8ppeKEr3V28RrJsiviVdVjaMADym5PTeX9oN80S7bA5C/xBmRYqXg7TwCQDXIf5pRLIt4jExSrRuOnaLfowoFk/wu52Wap5Rd0TZvGBrTiGu/N1jljmwZpUlaiTInRjJQf3b0aKR1NwpNZUSxo8e9vvif18iwte/3RJxmyGM2fKiVSYIJ6edCmkJxhrJrCGVKmL8S1qGKMjTp5UwIzvjKf4m7Wz4oO2dOsXIMQ8zBBhSgBA7sQQVOoQouMLiHJ3iBV+vBerberPdh6YQ16lmHX7A+vgHy0JrY</latexit><latexit sha1_base64="m0pf+b1bem5CjtDqHzBCRkguy3o=">AAACCXicbVC7TsMwFHXKq5RXgZHFtEIqQqoSFmBAKrAwFkFopSaKHNdtrToP7BukqO3MwshvsDAAYuUP2Po3uI8BCkeyfHTOvde+x48FV2CaQyMzN7+wuJRdzq2srq1v5De3blWUSMpsGolI1n2imOAhs4GDYPVYMhL4gtX87sXIr90zqXgU3kAaMzcg7ZC3OCWgJS+/68S8RPpqHzvNCNgddqqycebBKcH9a30p18sXzbI5Bv5LrCkpVgrOwdOwkla9/JceRZOAhUAFUaphmTG4PSKBU8EGOSdRLCa0S9qsoWlIAqbc3niVAd7TShO3IqlPCHis/uzokUCpNPB1ZUCgo2a9kfif10igdez2eBgnwEI6eaiVCAwRHuWCm1wyCiLVhFDJ9V8x7RBJKOj0cjoEa3blv8Q+LJ+UrSurWDlHE2TRDiqgErLQEaqgS1RFNqLoAT2jV/RmPBovxrvxMSnNGNOebfQLxuc3+rScXg==</latexit><latexit sha1_base64="m0pf+b1bem5CjtDqHzBCRkguy3o=">AAACCXicbVC7TsMwFHXKq5RXgZHFtEIqQqoSFmBAKrAwFkFopSaKHNdtrToP7BukqO3MwshvsDAAYuUP2Po3uI8BCkeyfHTOvde+x48FV2CaQyMzN7+wuJRdzq2srq1v5De3blWUSMpsGolI1n2imOAhs4GDYPVYMhL4gtX87sXIr90zqXgU3kAaMzcg7ZC3OCWgJS+/68S8RPpqHzvNCNgddqqycebBKcH9a30p18sXzbI5Bv5LrCkpVgrOwdOwkla9/JceRZOAhUAFUaphmTG4PSKBU8EGOSdRLCa0S9qsoWlIAqbc3niVAd7TShO3IqlPCHis/uzokUCpNPB1ZUCgo2a9kfif10igdez2eBgnwEI6eaiVCAwRHuWCm1wyCiLVhFDJ9V8x7RBJKOj0cjoEa3blv8Q+LJ+UrSurWDlHE2TRDiqgErLQEaqgS1RFNqLoAT2jV/RmPBovxrvxMSnNGNOebfQLxuc3+rScXg==</latexit><latexit sha1_base64="qWTtZfhnWDrfDq5SpLpZuEbhbQw=">AAACCXicbVC7TsMwFHV4lvIqMLIYKqSyVAkLMCAVWBiLoLRSEkWO67ZWHSfYN0hV2pmFX2FhAMTKH7DxN7iPAVqOZPnonHuvfU+YCK7Btr+tufmFxaXl3Ep+dW19Y7OwtX2n41RRVqOxiFUjJJoJLlkNOAjWSBQjUShYPexeDv36A1Oax/IWegnzI9KWvMUpASMFhT0v4SXS14fYa8bA7rFXVe55AGcE92/Mpf2gULTL9gh4ljgTUkQTVIPClxlF04hJoIJo7Tp2An5GFHAq2CDvpZolhHZJm7mGShIx7WejVQb4wChN3IqVORLwSP3dkZFI614UmsqIQEdPe0PxP89NoXXiZ1wmKTBJxw+1UoEhxsNccJMrRkH0DCFUcfNXTDtEEQomvbwJwZleeZbUjsqnZefaKVYuJmnk0C7aRyXkoGNUQVeoimqIokf0jF7Rm/VkvVjv1se4dM6a9OygP7A+fwDh2plP</latexit>

Gt
.
= Rt+1 + �Rt+2 + �2Rt+3 + · · · =

P1
k=0 �

kRt+k+1 = Rt+1 + �Gt+1
<latexit sha1_base64="vwXYHK2aYsJDHyAQ9mterktNExA="></latexit><latexit sha1_base64="9eF8sNndHIsK/PW9e1vKKN2WV3A="></latexit><latexit sha1_base64="9eF8sNndHIsK/PW9e1vKKN2WV3A="></latexit><latexit sha1_base64="J8d0r/LA4noPTiblT8iewFNwV/Q="></latexit>

� 2 [0, 1]
<latexit sha1_base64="YAsTHidhndOa8v+rzC0Aj60JYNg=">AAAB9HicbVDLSgNBEOyNrxhfUY9ehgRBUMKuF/UW9OIxgmsCu2uYnUySITOzy8ysEpb8hxfBB179GG/+jZPHQRMLGoqqbrq74pQzbVz32yksLa+srhXXSxubW9s75d29O51kilCfJDxRrRhrypmkvmGG01aqKBYxp814cDX2mw9UaZbIWzNMaSRwT7IuI9hY6T7sYSFwyGTgnnhRu1x1a+4EaJF4M1KtV8LjFwBotMtfYSchmaDSEI61Djw3NVGOlWGE01EpzDRNMRngHg0slVhQHeWTq0fo0Cod1E2ULWnQRP09kWOh9VDEtlNg09fz3lj8zwsy0z2PcibTzFBJpou6GUcmQeMIUIcpSgwfWoKJYvZWRPpYYWJsUCUbgjf/8iLxT2sXNe/Gq9YvYYoiHEAFjsCDM6jDNTTABwIKnuAV3pxH59l5dz6mrQVnNrMPf+B8/gADW5M3</latexit><latexit sha1_base64="5O05WmrCQDoTbrHtz/HIaHXJWrw=">AAAB9HicbVBNS8NAEN3Ur1q/qh69hBZBUEriRb0FvXisYGwhiWWy3bRLdzdhd6OU0H/hwYsHFa/+GG/9N25bD9r6YODx3gwz8+KMUaUdZ2yVlpZXVtfK65WNza3tneru3p1Kc4mJj1OWynYMijAqiK+pZqSdSQI8ZqQVD64mfuuBSEVTcauHGYk49ARNKAZtpPuwB5xDSEXgnLhRp1p3Gs4U9iJxf0jdq4XHT2Nv2OxUv8JuinNOhMYMlApcJ9NRAVJTzMioEuaKZIAH0COBoQI4UVExvXpkHxqlayepNCW0PVV/TxTAlRry2HRy0H01703E/7wg18l5VFCR5ZoIPFuU5MzWqT2JwO5SSbBmQ0MAS2putXEfJGBtgqqYENz5lxeJf9q4aLg3bt27RDOU0QGqoSPkojPkoWvURD7CSKJn9IrerEfrxXq3PmatJetnZh/9gfX5DQs/lL0=</latexit><latexit sha1_base64="5O05WmrCQDoTbrHtz/HIaHXJWrw=">AAAB9HicbVBNS8NAEN3Ur1q/qh69hBZBUEriRb0FvXisYGwhiWWy3bRLdzdhd6OU0H/hwYsHFa/+GG/9N25bD9r6YODx3gwz8+KMUaUdZ2yVlpZXVtfK65WNza3tneru3p1Kc4mJj1OWynYMijAqiK+pZqSdSQI8ZqQVD64mfuuBSEVTcauHGYk49ARNKAZtpPuwB5xDSEXgnLhRp1p3Gs4U9iJxf0jdq4XHT2Nv2OxUv8JuinNOhMYMlApcJ9NRAVJTzMioEuaKZIAH0COBoQI4UVExvXpkHxqlayepNCW0PVV/TxTAlRry2HRy0H01703E/7wg18l5VFCR5ZoIPFuU5MzWqT2JwO5SSbBmQ0MAS2putXEfJGBtgqqYENz5lxeJf9q4aLg3bt27RDOU0QGqoSPkojPkoWvURD7CSKJn9IrerEfrxXq3PmatJetnZh/9gfX5DQs/lL0=</latexit><latexit sha1_base64="xFCTM82gPaZp8bXvVNttKc+hfjs=">AAAB9HicbVA9T8MwEHX4LOWrwMhiUSExoCphAbYKFsYiEVopCdXFdVqrthPZDqiK+j9YGACx8mPY+De4bQZoedJJT+/d6e5enHGmjet+O0vLK6tr65WN6ubW9s5ubW//Xqe5ItQnKU9VJwZNOZPUN8xw2skUBRFz2o6H1xO//UiVZqm8M6OMRgL6kiWMgLHSQ9gHISBkMnBPvahbq7sNdwq8SLyS1FGJVrf2FfZSkgsqDeGgdeC5mYkKUIYRTsfVMNc0AzKEPg0slSCojorp1WN8bJUeTlJlSxo8VX9PFCC0HonYdgowAz3vTcT/vCA3yUVUMJnlhkoyW5TkHJsUTyLAPaYoMXxkCRDF7K2YDEABMTaoqg3Bm395kfhnjcuGd+vVm1dlGhV0iI7QCfLQOWqiG9RCPiJIoWf0it6cJ+fFeXc+Zq1LTjlzgP7A+fwB8laRrg==</latexit>

Optimal Policy                 :  the goal of RL 
    Pr(A|0)=1, Pr(B|1)=1, Pr(A|4)=1 
 
maximize the return (sum of reward): with discount factor

⇡⇤(a|s)
<latexit sha1_base64="UePTSD+9Njf59bpxWTMzUfuTk18=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRaheii7Iqi3ohePFVxbbJeSTbNtaJJdkqxQ1v4LLx5UvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtLyyulZcL21sbm3vlHf37nWcKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXEbz5SpVks78wooYHAfckiRrCx0kMnYd2TKn7Sx91yxa25U6BF4uWkAjka3fJXpxeTVFBpCMdatz03MUGGlWGE03Gpk2qaYDLEfdq2VGJBdZBNLx6jI6v0UBQrW9Kgqfp7IsNC65EIbafAZqDnvYn4n9dOTXQRZEwmqaGSzBZFKUcmRpP3UY8pSgwfWYKJYvZWRAZYYWJsSCUbgjf/8iLxT2uXNe/2rFK/ytMowgEcQhU8OIc63EADfCAg4Rle4c3Rzovz7nzMWgtOPrMPf+B8/gAURpAR</latexit><latexit sha1_base64="UePTSD+9Njf59bpxWTMzUfuTk18=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRaheii7Iqi3ohePFVxbbJeSTbNtaJJdkqxQ1v4LLx5UvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtLyyulZcL21sbm3vlHf37nWcKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXEbz5SpVks78wooYHAfckiRrCx0kMnYd2TKn7Sx91yxa25U6BF4uWkAjka3fJXpxeTVFBpCMdatz03MUGGlWGE03Gpk2qaYDLEfdq2VGJBdZBNLx6jI6v0UBQrW9Kgqfp7IsNC65EIbafAZqDnvYn4n9dOTXQRZEwmqaGSzBZFKUcmRpP3UY8pSgwfWYKJYvZWRAZYYWJsSCUbgjf/8iLxT2uXNe/2rFK/ytMowgEcQhU8OIc63EADfCAg4Rle4c3Rzovz7nzMWgtOPrMPf+B8/gAURpAR</latexit><latexit sha1_base64="UePTSD+9Njf59bpxWTMzUfuTk18=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRaheii7Iqi3ohePFVxbbJeSTbNtaJJdkqxQ1v4LLx5UvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtLyyulZcL21sbm3vlHf37nWcKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXEbz5SpVks78wooYHAfckiRrCx0kMnYd2TKn7Sx91yxa25U6BF4uWkAjka3fJXpxeTVFBpCMdatz03MUGGlWGE03Gpk2qaYDLEfdq2VGJBdZBNLx6jI6v0UBQrW9Kgqfp7IsNC65EIbafAZqDnvYn4n9dOTXQRZEwmqaGSzBZFKUcmRpP3UY8pSgwfWYKJYvZWRAZYYWJsSCUbgjf/8iLxT2uXNe/2rFK/ytMowgEcQhU8OIc63EADfCAg4Rle4c3Rzovz7nzMWgtOPrMPf+B8/gAURpAR</latexit><latexit sha1_base64="UePTSD+9Njf59bpxWTMzUfuTk18=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRaheii7Iqi3ohePFVxbbJeSTbNtaJJdkqxQ1v4LLx5UvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtLyyulZcL21sbm3vlHf37nWcKkJ9EvNYtUKsKWeS+oYZTluJoliEnDbD4fXEbz5SpVks78wooYHAfckiRrCx0kMnYd2TKn7Sx91yxa25U6BF4uWkAjka3fJXpxeTVFBpCMdatz03MUGGlWGE03Gpk2qaYDLEfdq2VGJBdZBNLx6jI6v0UBQrW9Kgqfp7IsNC65EIbafAZqDnvYn4n9dOTXQRZEwmqaGSzBZFKUcmRpP3UY8pSgwfWYKJYvZWRAZYYWJsSCUbgjf/8iLxT2uXNe/2rFK/ytMowgEcQhU8OIc63EADfCAg4Rle4c3Rzovz7nzMWgtOPrMPf+B8/gAURpAR</latexit>

image source: Smart, B. D. (2005). Reinforcement learning: A user’s guide. In Tutorial at International Conference on Autonomic Computing (ICAC 2005).



Value-based Method: DP
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An optimal policy can be derived by maximizing over optimal value functions (greedy)

Dynamic Programming (DP): model-based policy evaluating. (s / s’: current/next state)

q⇤(s, a) =
X

s02S
[Ra

ss0 + �Pa
ss0 max

a0
q⇤ (s

0, a0)]
<latexit sha1_base64="7O4Th+pUq9FMFeKGJeVZCEKykIk="></latexit><latexit sha1_base64="7O4Th+pUq9FMFeKGJeVZCEKykIk="></latexit><latexit sha1_base64="7O4Th+pUq9FMFeKGJeVZCEKykIk="></latexit><latexit sha1_base64="7O4Th+pUq9FMFeKGJeVZCEKykIk="></latexit>

⇡⇤(a|s) =
⇢

1 if a = argmaxa2A q⇤(s, a)
0 otherwise

<latexit sha1_base64="VggAwBYMVVHcVncL/i2XGImES7w="></latexit><latexit sha1_base64="VggAwBYMVVHcVncL/i2XGImES7w="></latexit><latexit sha1_base64="VggAwBYMVVHcVncL/i2XGImES7w="></latexit><latexit sha1_base64="VggAwBYMVVHcVncL/i2XGImES7w="></latexit>

where q⇤(s, a) = max
⇡

q⇡(s, a)
<latexit sha1_base64="c90SK+AqJsVCu1gQ+iZSi/QAwwE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g6VQRUoigroQim5cVjC20IQwmU7aoZNHZyZiCfkCN/6KGxcqbt2782+cNllo64HLPZxzLzP3eDGjQhrGt1ZaWFxaXimvVtbWNza39O2dOxElHBMLRyziHQ8JwmhILEklI52YExR4jLS94dXEb98TLmgU3spxTJwA9UPqU4ykkly9NnLTw6wujiA6uLAD9ADd1I5pBkd5zx1XrxoNYwo4T8yCVEGBlqt/2b0IJwEJJWZIiK5pxNJJEZcUM5JV7ESQGOEh6pOuoiEKiHDS6TkZrCmlB/2IqwolnKq/N1IUCDEOPDUZIDkQs95E/M/rJtI/c1IaxokkIc4f8hMGZQQn2cAe5QRLNlYEYU7VXyEeII6wVAlWVAjm7MnzxDpunDfMm5Nq87JIowz2wD6oAxOcgia4Bi1gAQwewTN4BW/ak/aivWsf+WhJK3Z2wR9onz8RmZpt</latexit><latexit sha1_base64="c90SK+AqJsVCu1gQ+iZSi/QAwwE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g6VQRUoigroQim5cVjC20IQwmU7aoZNHZyZiCfkCN/6KGxcqbt2782+cNllo64HLPZxzLzP3eDGjQhrGt1ZaWFxaXimvVtbWNza39O2dOxElHBMLRyziHQ8JwmhILEklI52YExR4jLS94dXEb98TLmgU3spxTJwA9UPqU4ykkly9NnLTw6wujiA6uLAD9ADd1I5pBkd5zx1XrxoNYwo4T8yCVEGBlqt/2b0IJwEJJWZIiK5pxNJJEZcUM5JV7ESQGOEh6pOuoiEKiHDS6TkZrCmlB/2IqwolnKq/N1IUCDEOPDUZIDkQs95E/M/rJtI/c1IaxokkIc4f8hMGZQQn2cAe5QRLNlYEYU7VXyEeII6wVAlWVAjm7MnzxDpunDfMm5Nq87JIowz2wD6oAxOcgia4Bi1gAQwewTN4BW/ak/aivWsf+WhJK3Z2wR9onz8RmZpt</latexit><latexit sha1_base64="c90SK+AqJsVCu1gQ+iZSi/QAwwE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g6VQRUoigroQim5cVjC20IQwmU7aoZNHZyZiCfkCN/6KGxcqbt2782+cNllo64HLPZxzLzP3eDGjQhrGt1ZaWFxaXimvVtbWNza39O2dOxElHBMLRyziHQ8JwmhILEklI52YExR4jLS94dXEb98TLmgU3spxTJwA9UPqU4ykkly9NnLTw6wujiA6uLAD9ADd1I5pBkd5zx1XrxoNYwo4T8yCVEGBlqt/2b0IJwEJJWZIiK5pxNJJEZcUM5JV7ESQGOEh6pOuoiEKiHDS6TkZrCmlB/2IqwolnKq/N1IUCDEOPDUZIDkQs95E/M/rJtI/c1IaxokkIc4f8hMGZQQn2cAe5QRLNlYEYU7VXyEeII6wVAlWVAjm7MnzxDpunDfMm5Nq87JIowz2wD6oAxOcgia4Bi1gAQwewTN4BW/ak/aivWsf+WhJK3Z2wR9onz8RmZpt</latexit><latexit sha1_base64="c90SK+AqJsVCu1gQ+iZSi/QAwwE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g6VQRUoigroQim5cVjC20IQwmU7aoZNHZyZiCfkCN/6KGxcqbt2782+cNllo64HLPZxzLzP3eDGjQhrGt1ZaWFxaXimvVtbWNza39O2dOxElHBMLRyziHQ8JwmhILEklI52YExR4jLS94dXEb98TLmgU3spxTJwA9UPqU4ykkly9NnLTw6wujiA6uLAD9ADd1I5pBkd5zx1XrxoNYwo4T8yCVEGBlqt/2b0IJwEJJWZIiK5pxNJJEZcUM5JV7ESQGOEh6pOuoiEKiHDS6TkZrCmlB/2IqwolnKq/N1IUCDEOPDUZIDkQs95E/M/rJtI/c1IaxokkIc4f8hMGZQQn2cAe5QRLNlYEYU7VXyEeII6wVAlWVAjm7MnzxDpunDfMm5Nq87JIowz2wD6oAxOcgia4Bi1gAQwewTN4BW/ak/aivWsf+WhJK3Z2wR9onz8RmZpt</latexit>

v⇤(s) = max
a

(
X

s02S
[Ra

ss0 + �Pa
ss0v⇤ (s

0)]

)

<latexit sha1_base64="zrPTWQj5UhW/GwTAw5PQZJJnvW8="></latexit><latexit sha1_base64="zrPTWQj5UhW/GwTAw5PQZJJnvW8="></latexit><latexit sha1_base64="zrPTWQj5UhW/GwTAw5PQZJJnvW8="></latexit><latexit sha1_base64="zrPTWQj5UhW/GwTAw5PQZJJnvW8="></latexit>

image source: Smart, B. D. (2005). Reinforcement learning: A user’s guide. In Tutorial at International Conference on Autonomic Computing (ICAC 2005).



• Monte Carlo (MC) method: model-free policy evaluation 

• Learn directly from complete episodes of experience 

• Model-free: unknown of transition/reward function 

• Use empirical mean to approximate the expected return 

• V(S), estimating v(S), is unbiased but with high variance

Value-based Method: MC

!8

V (St) V (St) + ↵[Gt � V (St)]
<latexit sha1_base64="fMaDDvpoYuF0923/ths9kx6zNuY=">AAACF3icbZDLSgNBEEV7fBtfUZduGoMQEeOMCOou6EKXEc0DkmGo6fSYxp4H3TVKCPkMN/6KGxcqbnXn39hJZqGJFxoup6qorusnUmi07W9ranpmdm5+YTG3tLyyupZf36jpOFWMV1ksY9XwQXMpIl5FgZI3EsUh9CWv+3fng3r9nist4ugGuwl3Q7iNRCAYoEFe/qBWvPZwl7YkDxCUih9oRvZoC2TSgeaFh3Q/o66XL9gleyg6aZzMFEimipf/arVjloY8QiZB66ZjJ+j2QKFgkvdzrVTzBNgd3PKmsRGEXLu94WF9umNImwaxMi9COqS/J3oQat0NfdMZAnb0eG0A/6s1UwxO3J6IkhR5xEaLglRSjOkgJdoWijOUXWOAKWH+SlkHFDA0WeZMCM74yZOmelg6LTlXR4XyWZbGAtki26RIHHJMyuSSVEiVMPJInskrebOerBfr3foYtU5Z2cwm+SPr8weonZ06</latexit><latexit sha1_base64="fMaDDvpoYuF0923/ths9kx6zNuY=">AAACF3icbZDLSgNBEEV7fBtfUZduGoMQEeOMCOou6EKXEc0DkmGo6fSYxp4H3TVKCPkMN/6KGxcqbnXn39hJZqGJFxoup6qorusnUmi07W9ranpmdm5+YTG3tLyyupZf36jpOFWMV1ksY9XwQXMpIl5FgZI3EsUh9CWv+3fng3r9nist4ugGuwl3Q7iNRCAYoEFe/qBWvPZwl7YkDxCUih9oRvZoC2TSgeaFh3Q/o66XL9gleyg6aZzMFEimipf/arVjloY8QiZB66ZjJ+j2QKFgkvdzrVTzBNgd3PKmsRGEXLu94WF9umNImwaxMi9COqS/J3oQat0NfdMZAnb0eG0A/6s1UwxO3J6IkhR5xEaLglRSjOkgJdoWijOUXWOAKWH+SlkHFDA0WeZMCM74yZOmelg6LTlXR4XyWZbGAtki26RIHHJMyuSSVEiVMPJInskrebOerBfr3foYtU5Z2cwm+SPr8weonZ06</latexit><latexit sha1_base64="fMaDDvpoYuF0923/ths9kx6zNuY=">AAACF3icbZDLSgNBEEV7fBtfUZduGoMQEeOMCOou6EKXEc0DkmGo6fSYxp4H3TVKCPkMN/6KGxcqbnXn39hJZqGJFxoup6qorusnUmi07W9ranpmdm5+YTG3tLyyupZf36jpOFWMV1ksY9XwQXMpIl5FgZI3EsUh9CWv+3fng3r9nist4ugGuwl3Q7iNRCAYoEFe/qBWvPZwl7YkDxCUih9oRvZoC2TSgeaFh3Q/o66XL9gleyg6aZzMFEimipf/arVjloY8QiZB66ZjJ+j2QKFgkvdzrVTzBNgd3PKmsRGEXLu94WF9umNImwaxMi9COqS/J3oQat0NfdMZAnb0eG0A/6s1UwxO3J6IkhR5xEaLglRSjOkgJdoWijOUXWOAKWH+SlkHFDA0WeZMCM74yZOmelg6LTlXR4XyWZbGAtki26RIHHJMyuSSVEiVMPJInskrebOerBfr3foYtU5Z2cwm+SPr8weonZ06</latexit><latexit sha1_base64="fMaDDvpoYuF0923/ths9kx6zNuY=">AAACF3icbZDLSgNBEEV7fBtfUZduGoMQEeOMCOou6EKXEc0DkmGo6fSYxp4H3TVKCPkMN/6KGxcqbnXn39hJZqGJFxoup6qorusnUmi07W9ranpmdm5+YTG3tLyyupZf36jpOFWMV1ksY9XwQXMpIl5FgZI3EsUh9CWv+3fng3r9nist4ugGuwl3Q7iNRCAYoEFe/qBWvPZwl7YkDxCUih9oRvZoC2TSgeaFh3Q/o66XL9gleyg6aZzMFEimipf/arVjloY8QiZB66ZjJ+j2QKFgkvdzrVTzBNgd3PKmsRGEXLu94WF9umNImwaxMi9COqS/J3oQat0NfdMZAnb0eG0A/6s1UwxO3J6IkhR5xEaLglRSjOkgJdoWijOUXWOAKWH+SlkHFDA0WeZMCM74yZOmelg6LTlXR4XyWZbGAtki26RIHHJMyuSSVEiVMPJInskrebOerBfr3foYtU5Z2cwm+SPr8weonZ06</latexit>

Image source: Silver, D. (2015). UCL Course on RL. David Silver's Webpage, http://www0.cs.ucl.ac.uk/staff/d.silver
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Value-based Method: TD
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• Temporal Difference (TD) learning: model-free policy evaluation 
• Can learn from incomplete episodes 
• Bootstrapping: update value estimates on the basis of other value estimates 
• (Compared to MC) Lower variance, more bias; more efficient, worse convergence.  

Q(St, At) Q(St, At) + ↵[Rt+1 + �Q(St+1, At+1)�Q(St, At)]
<latexit sha1_base64="pMyodABa254eAD55SdbDq8KDm3I="></latexit><latexit sha1_base64="pMyodABa254eAD55SdbDq8KDm3I="></latexit><latexit sha1_base64="pMyodABa254eAD55SdbDq8KDm3I="></latexit><latexit sha1_base64="pMyodABa254eAD55SdbDq8KDm3I="></latexit>

Q(St, At) Q(St, At) + ↵[Rt+1 + �max
a

Q(St+1, a)�Q(St, At)]
<latexit sha1_base64="cr8Nznmw86cKjxp0l/+0wrk9wQ4="></latexit><latexit sha1_base64="cr8Nznmw86cKjxp0l/+0wrk9wQ4="></latexit><latexit sha1_base64="cr8Nznmw86cKjxp0l/+0wrk9wQ4="></latexit><latexit sha1_base64="cr8Nznmw86cKjxp0l/+0wrk9wQ4="></latexit>

SARSA

Q-learning

TD(0) V (St) V (St) + ↵[

MC: Gtz }| {
Rt+1 + �V (St+1)�V (St)]

<latexit sha1_base64="ZI/M1wNBYcg6Vt5BocZDIumZGsw="></latexit><latexit sha1_base64="ZI/M1wNBYcg6Vt5BocZDIumZGsw="></latexit><latexit sha1_base64="ZI/M1wNBYcg6Vt5BocZDIumZGsw="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="m13FnJLGe288GirAP7jwVKTRuRQ="></latexit><latexit sha1_base64="m13FnJLGe288GirAP7jwVKTRuRQ="></latexit><latexit sha1_base64="PonqhcapQKwpIKItwJ04UNS+t3c="></latexit><latexit sha1_base64="ZI/M1wNBYcg6Vt5BocZDIumZGsw="></latexit><latexit sha1_base64="ZI/M1wNBYcg6Vt5BocZDIumZGsw="></latexit><latexit sha1_base64="ZI/M1wNBYcg6Vt5BocZDIumZGsw="></latexit><latexit sha1_base64="ZI/M1wNBYcg6Vt5BocZDIumZGsw="></latexit><latexit sha1_base64="ZI/M1wNBYcg6Vt5BocZDIumZGsw="></latexit><latexit sha1_base64="ZI/M1wNBYcg6Vt5BocZDIumZGsw="></latexit>



Policy-based Method: Policy Gradient

!10

• Greedy policy improvement by performing argmax Q(s,a) is  
computationally demanding when the action space is large or continuous. 

• Instead, policy-based methods represent the policy directly with parameter θ 

• And perform policy gradient to improve policy with performance measurement, 
which is also expressed as a loss function of θ: J(θ). (e.g., the negative of return)

⇡✓(s, a) = Pr[a|s; ✓]
<latexit sha1_base64="2iKsBIpzXh1k9XfNk/0HgIaudms=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhgoRdEVREEL14jGBUyC6hdzKbDJl9MNMrhDV/4cVf8eJBxat482+cxAiaWDBQVFUz3RWkUmh0nE+rMDU9MztXnC8tLC4tr9ira1c6yRTjdZbIRN0EoLkUMa+jQMlvUsUhCiS/DrpnA//6listkvgSeyn3I2jHIhQM0EhNu+qlopl72OEI/YreobB97NVUA+gd1UfUiwA7QfgT8Jt22ak6Q9BJ4o5ImYxQa9ofXithWcRjZBK0brhOin4OCgWTvF/yMs1TYF1o84ahMURc+/nwrj7dMkqLhokyL0Y6VH9P5BBp3YsCkxzsqce9gfif18gwPPBzEacZ8ph9fxRmkmJCByXRllCcoewZAkwJsytlHVDA0FRZMiW44ydPkvpu9bDqXuyVT05HbRTJBtkkFeKSfXJCzkmN1Akj9+SRPJMX68F6sl6tt+9owRrNrJM/sN6/ADqdnvA=</latexit><latexit sha1_base64="2iKsBIpzXh1k9XfNk/0HgIaudms=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhgoRdEVREEL14jGBUyC6hdzKbDJl9MNMrhDV/4cVf8eJBxat482+cxAiaWDBQVFUz3RWkUmh0nE+rMDU9MztXnC8tLC4tr9ira1c6yRTjdZbIRN0EoLkUMa+jQMlvUsUhCiS/DrpnA//6listkvgSeyn3I2jHIhQM0EhNu+qlopl72OEI/YreobB97NVUA+gd1UfUiwA7QfgT8Jt22ak6Q9BJ4o5ImYxQa9ofXithWcRjZBK0brhOin4OCgWTvF/yMs1TYF1o84ahMURc+/nwrj7dMkqLhokyL0Y6VH9P5BBp3YsCkxzsqce9gfif18gwPPBzEacZ8ph9fxRmkmJCByXRllCcoewZAkwJsytlHVDA0FRZMiW44ydPkvpu9bDqXuyVT05HbRTJBtkkFeKSfXJCzkmN1Akj9+SRPJMX68F6sl6tt+9owRrNrJM/sN6/ADqdnvA=</latexit><latexit sha1_base64="2iKsBIpzXh1k9XfNk/0HgIaudms=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhgoRdEVREEL14jGBUyC6hdzKbDJl9MNMrhDV/4cVf8eJBxat482+cxAiaWDBQVFUz3RWkUmh0nE+rMDU9MztXnC8tLC4tr9ira1c6yRTjdZbIRN0EoLkUMa+jQMlvUsUhCiS/DrpnA//6listkvgSeyn3I2jHIhQM0EhNu+qlopl72OEI/YreobB97NVUA+gd1UfUiwA7QfgT8Jt22ak6Q9BJ4o5ImYxQa9ofXithWcRjZBK0brhOin4OCgWTvF/yMs1TYF1o84ahMURc+/nwrj7dMkqLhokyL0Y6VH9P5BBp3YsCkxzsqce9gfif18gwPPBzEacZ8ph9fxRmkmJCByXRllCcoewZAkwJsytlHVDA0FRZMiW44ydPkvpu9bDqXuyVT05HbRTJBtkkFeKSfXJCzkmN1Akj9+SRPJMX68F6sl6tt+9owRrNrJM/sN6/ADqdnvA=</latexit><latexit sha1_base64="2iKsBIpzXh1k9XfNk/0HgIaudms=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhgoRdEVREEL14jGBUyC6hdzKbDJl9MNMrhDV/4cVf8eJBxat482+cxAiaWDBQVFUz3RWkUmh0nE+rMDU9MztXnC8tLC4tr9ira1c6yRTjdZbIRN0EoLkUMa+jQMlvUsUhCiS/DrpnA//6listkvgSeyn3I2jHIhQM0EhNu+qlopl72OEI/YreobB97NVUA+gd1UfUiwA7QfgT8Jt22ak6Q9BJ4o5ImYxQa9ofXithWcRjZBK0brhOin4OCgWTvF/yMs1TYF1o84ahMURc+/nwrj7dMkqLhokyL0Y6VH9P5BBp3YsCkxzsqce9gfif18gwPPBzEacZ8ph9fxRmkmJCByXRllCcoewZAkwJsytlHVDA0FRZMiW44ydPkvpu9bDqXuyVT05HbRTJBtkkFeKSfXJCzkmN1Akj9+SRPJMX68F6sl6tt+9owRrNrJM/sN6/ADqdnvA=</latexit>

✓t+1 = ✓t + ↵tr✓J(✓t)
<latexit sha1_base64="JLojWhKnbEK27eAP1+7ezwsfbco=">AAACMXicbZDNSgMxFIUz/rf+VV26CRahIpQZEdSFILpRVxUcFTql3ElTG5rJDMkdoQzzTG58EsGFLlTc+hKmtUKtXgh8OedeknvCRAqDrvvsTExOTc/MzhWK8wuLS8ulldUrE6eacZ/FMtY3IRguheI+CpT8JtEcolDy67B70vev77g2IlaX2Et4I4JbJdqCAVqpWTorZAF2OELezHDbyw9Hrvl2ADLpQB9poCCUFn/8nJ5XRnu3mqWyW3UHRf+CN4QyGVatWXoMWjFLI66QSTCm7rkJNjLQKJjkeTFIDU+AdeGW1y0qiLhpZIOVc7pplRZtx9oehXSgjk5kEBnTi0LbGQF2zLjXF//z6im29xuZUEmKXLHvh9qppBjTfn60JTRnKHsWgGlh/0pZBzQwtCkXbQje+Mp/wd+pHlS9i93y0fEwjTmyTjZIhXhkjxyRU1IjPmHknjyRV/LmPDgvzrvz8d064Qxn1sivcj6/AL3hq+g=</latexit><latexit sha1_base64="JLojWhKnbEK27eAP1+7ezwsfbco=">AAACMXicbZDNSgMxFIUz/rf+VV26CRahIpQZEdSFILpRVxUcFTql3ElTG5rJDMkdoQzzTG58EsGFLlTc+hKmtUKtXgh8OedeknvCRAqDrvvsTExOTc/MzhWK8wuLS8ulldUrE6eacZ/FMtY3IRguheI+CpT8JtEcolDy67B70vev77g2IlaX2Et4I4JbJdqCAVqpWTorZAF2OELezHDbyw9Hrvl2ADLpQB9poCCUFn/8nJ5XRnu3mqWyW3UHRf+CN4QyGVatWXoMWjFLI66QSTCm7rkJNjLQKJjkeTFIDU+AdeGW1y0qiLhpZIOVc7pplRZtx9oehXSgjk5kEBnTi0LbGQF2zLjXF//z6im29xuZUEmKXLHvh9qppBjTfn60JTRnKHsWgGlh/0pZBzQwtCkXbQje+Mp/wd+pHlS9i93y0fEwjTmyTjZIhXhkjxyRU1IjPmHknjyRV/LmPDgvzrvz8d064Qxn1sivcj6/AL3hq+g=</latexit><latexit sha1_base64="JLojWhKnbEK27eAP1+7ezwsfbco=">AAACMXicbZDNSgMxFIUz/rf+VV26CRahIpQZEdSFILpRVxUcFTql3ElTG5rJDMkdoQzzTG58EsGFLlTc+hKmtUKtXgh8OedeknvCRAqDrvvsTExOTc/MzhWK8wuLS8ulldUrE6eacZ/FMtY3IRguheI+CpT8JtEcolDy67B70vev77g2IlaX2Et4I4JbJdqCAVqpWTorZAF2OELezHDbyw9Hrvl2ADLpQB9poCCUFn/8nJ5XRnu3mqWyW3UHRf+CN4QyGVatWXoMWjFLI66QSTCm7rkJNjLQKJjkeTFIDU+AdeGW1y0qiLhpZIOVc7pplRZtx9oehXSgjk5kEBnTi0LbGQF2zLjXF//z6im29xuZUEmKXLHvh9qppBjTfn60JTRnKHsWgGlh/0pZBzQwtCkXbQje+Mp/wd+pHlS9i93y0fEwjTmyTjZIhXhkjxyRU1IjPmHknjyRV/LmPDgvzrvz8d064Qxn1sivcj6/AL3hq+g=</latexit><latexit sha1_base64="JLojWhKnbEK27eAP1+7ezwsfbco=">AAACMXicbZDNSgMxFIUz/rf+VV26CRahIpQZEdSFILpRVxUcFTql3ElTG5rJDMkdoQzzTG58EsGFLlTc+hKmtUKtXgh8OedeknvCRAqDrvvsTExOTc/MzhWK8wuLS8ulldUrE6eacZ/FMtY3IRguheI+CpT8JtEcolDy67B70vev77g2IlaX2Et4I4JbJdqCAVqpWTorZAF2OELezHDbyw9Hrvl2ADLpQB9poCCUFn/8nJ5XRnu3mqWyW3UHRf+CN4QyGVatWXoMWjFLI66QSTCm7rkJNjLQKJjkeTFIDU+AdeGW1y0qiLhpZIOVc7pplRZtx9oehXSgjk5kEBnTi0LbGQF2zLjXF//z6im29xuZUEmKXLHvh9qppBjTfn60JTRnKHsWgGlh/0pZBzQwtCkXbQje+Mp/wd+pHlS9i93y0fEwjTmyTjZIhXhkjxyRU1IjPmHknjyRV/LmPDgvzrvz8d064Qxn1sivcj6/AL3hq+g=</latexit>
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• REINFORCE: Monte Carlo Policy Gradient
Policy-based Method: Representative Alg.
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REINFORCE with baseline: 
 
reduces variance and helps a lot in practice

• Actor-Critic: combines policy-based (actor) and value-based (critic) methods. 
• Actor: generates actions by policy networks and interacts with the environment. 
• Critic: supplies the actor with low-variance policy gradient estimates. 
• Critic: updates the value function parameters. 
• Actor: updates the policy parameters with policy gradient suggested by the actor.



• Deep Neural Networks as Function Approximators 
• Represent value functions or policy functions. 
• Optimize loss function by stochastic gradient descent (SGD). 

• Deep Q-Networks [Mnih et al. Nature’15]: extend Q-learning with DNN 
• overcoming instability issues with experience replay and periodically update. 

• Asynchronous Advantage Actor-Critic (A3C) [Mnih et al. ICML’16]: extend AC 
• Accelerate and stabilize the training with parallelism in multiple agents

Deep Reinforcement Learning (DRL)

!12



• Trust Region Policy Optimization (TRPO) [Schulman et al. JMLR’15] 
• An analytic approach towards training stability issues in policy gradient method 
• Avoid parameter updates changing the policy too much within one single step 

• Proximal Policy Optimization (PPO) [Schulman et al. arXiv’17] 
• Further simplify TRPO while maintaining similar performance 
• Place soft constraints of policy difference instead of hard constraints. 

• Monte Carlo Tree Search (MCTS) [Silver et al. Nature’16, Nature’17] 
• Efficiently search large space for optimal value by a double approximation. 
• Can be integrated with large neural networks as value function or policy.

Deep Reinforcement Learning (DRL)
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Outline

• Introduction to Reinforcement Learning (RL) 

• RL Applications in Cloud Management 

• Network Optimization 

• Cluster Scheduling 

• Virtual Machine Configuration 

• Power Management
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Network Optimization: Preview

!15

Tasks Publication Authors

Q-routing, 
PQ-routing Routing NIPS’93, 

NIPS’96
Boyan & Littman, 

Choi & Yeung

Pensieve Adaptive Bitrate SIGCOMM’17 Mao et al.

Pytheas Server Selection NSDI’17 Jiang et al.

AuTO Traffic Opt. (e.g., 
Flow scheduling) SIGCOMM’18 Chen et al.



• Use Q-learning to route packets in a network 
• Policy determines which adjacent node to send a packet to, using local info. 
• Learn to avoid network congestions on shortest path (A-B) under high load

Network Optimization: Q-routing

!16

[Boyan & Littman, NIPS’93]

Shortest Path Q-routing
Network traffic load on each node, under different policies

A A BB
C D C D

Topology



• Predictive Q-routing: 
• Verify Q-routing and improve its learning speed and adaptability 
• Exploration vs. Exploitation: 

probing shortest path’s congestion recovery with controlled frequency. 

• Problem settings (identical to Q-routing) 
• State: current packet’s destination node d 
• Action: route packet to which neighbor node y 
• Value function Qx(d, y): delivery time  

estimated from node x to node d via node y.

Network Optimization: PQ-routing

!17

[Choi & Yeung, NIPS’96]



• Client-side video players with Dynamic Adaptive Streaming over HTTP (DASH): 
employing ABR algorithms to optimize Quality of Experience (QoE).

Network Optimization: Adaptive Bitrate (ABR)

!18

[Mao et al. SIGCOMM’17]



• Pensieve, the proposed ABR system, makes decisions solely through observations.

Network Optimization: Adaptive Bitrate (ABR)

!19

[Mao et al. SIGCOMM’17]

• BOLA [CoRR’16]: solves optimization problem 
considering buffer occupancy observations 

• robustMPC [SIGCOMM’15]: uses buffer occupancy 
observations and throughput predictions



• Pytheas: Data-driven QoE optimization via group-based exploration-exploitation (E2) 

• Prediction-based mechanisms: 1) incomplete info. biases; 2) insensitive to changes 

• E2 in real-time: measurement collection and decision making as a joint process 

• Use cases: server selection for 
• Live streaming 
• Video on demand 
• Voice over IP (e.g., Skype) 
• File sharing (e.g., Dropbox) 
• Search, social, web services

Network Optimization: Server Selection

!20

[Jiang et al. NSDI’17]



• Group-based for scalability: group sessions with similar network context (IP prefix, 
location), which usually share same network- and application-level features. 

• Algorithm: Discounted Upper Confidence Bound (UCB)* algorithm [Auer et al. ML ’02]

Network Optimization: Server Selection

!21

[Jiang et al. NSDI’17]

• Case study: video streaming 
sessions choosing 1 of 2 CDNs 

• baseline: prediction-based 
method, i.e., CFA [ACML’15] 

• trace: 8.5 million video 
sessions in US over 24 hours 

• QoE: sampled from trace
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• AuTO: end-to-end Automatic Traffic Optimization (TO) system at datacenter scale 
• Observation: designing TO heuristics that matches traffic takes weeks, but 

automating it with DRL systems cannot handle flow-level TO at datacenter scale. 
• 60ms, during which 1Gbps link can finish flows within 7.5MB, > 95% flows in real 

DC traffic.

Network Optimization: Datacenter Traffic

!22

[Chen et al. SIGCOMM’18]



• Solution: two-level design: Peripheral Systems (PS) and Central Systems (CS) 
• PS: run on all end-hosts, collect flow info., make decisions for short flows ASAP. 
• CS: optimize Multi-Level Feedback Queuing (MLFQ) thresholds for short flows,  

and make individual TO decisions for long flows, with two DRL agents respectively.

Network Optimization: Datacenter Traffic
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[Chen et al. SIGCOMM’18]



Network Optimization: Summary
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Tasks Algorithm Scale

Q-routing, 
PQ-routing Routing Q-learning Single node

Pensieve Adaptive Bitrate A3C Single node

Pytheas Server selection UCB Multiple nodes

AuTO Traffic Opt. (e.g., 
Flow scheduling) PG & DDPG Datacenter



Cluster Scheduling: Preview

!25

Job Features Publication Authors

DeepRM Resource 
demand HotNets’16 Mao et al.

Spear Resource & 
Task DAG ICDCS’19 Hu et al.

Decima
Resource & 
Task DAG & 

Parallelism lv.

arXiv’18 
(updated in 2019) Mao et al.



• DeepRM: resource management with deep learning

Cluster Scheduling: Basic Job Scheduling
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[Mao et al. HotNets’16]

• RL approaches are suitable 
because: 

• Modeling systems with 
deep neural networks 

• Repetitive decisions as 
training data 

• Associating reward with 
metrics of interests

• Challenges of cluster 
scheduling with heuristics: 

• Modeling underlying 
systems inaccurately 

• Online decisions with  
noisy inputs 

• Optimizing complex 
performance metrics
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• States: represented as images.  
• Each job: required-resource-units X duration-in-timesteps. (e.g., B: 2 CPU x 3 ts) 

• Actions: any subset of M jobs. How to be O(M) ?  
a ∈ {1, · · · , M}: schedule the i-th job; a=∅: deploy the decisions 

• Algorithm: REINFORCE, using NN of 1 FC-layer with 20 neurons.

Cluster Scheduling: Basic Job Scheduling
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[Mao et al. HotNets’16]

J1 J3 J2 ∅

4 Fake timesteps

— 1 Real timestep



• Objective 1: minimizing sum of all jobs’ slowdowns 
(i.e., real competition time Cj / ideal job duration Tj .                : unfinished jobs) 

• Reward :=  

• Objective 2: minimizing average completion time 

• Reward := 

Cluster Scheduling: Basic Job Scheduling

!28

[Mao et al. HotNets’16]
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Evaluated by simulation  
with synthetic workload



• Spear: dependency-aware task scheduling with DRL. 
• Key: considering both resource demands (packing) and task dependencies (in DAG). 

• Resource demands: required-resource X task-duration 
• Task Dependencies: features including nodes’ b-level*, num-of-children, b-load^.

Cluster Scheduling: DAG Job Scheduling

!29

[Hu et al. ICDCS’19]

Task duration

Required resource: {CPU, MEM}Task dependency
*: length of the longest path to exit node
^: sum of resource demands along the path

DAGs: directed acyclic graphs



• Algorithm: Monte Carlo Tree Search 
(MCTS) with DRL (Policy Gradient) 

• Selection: follow UCB algorithm; 
• Expansion: select node to explore 

(with trained DRL policy); 
• Simulation: rollout, i.e., act to end, 

(with trained DRL policy); 
• Propagation:  

v: negative of expected makespan

• Actions: determine order of M tasks,  
a ∈ {∅, 1, · · · , M}: schedule the i-th task;  
a=∅: deploy the decisions.

Cluster Scheduling: DAG Job Scheduling
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[Hu et al. ICDCS’19]

v  max{vold, vnew}
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• Evaluation on production Apache Hive workloads 
• 99 MapReduce jobs with ≥ 5 map or reduce tasks 
• Spear outperforms Graphene [NSDI’16] in 90% jobs with at most 20%.

Cluster Scheduling: DAG Job Scheduling

!31

[Hu et al. ICDCS’19]

14 17 73
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• Decima: Learn to schedule for data processing clusters 
• Dependency-awareness with Graph Neural Networks (NNs)  
• Configure job’s parallelism level while scheduling task nodes with Policy NNs 
• Scalability (with jobs & machines) & Robustness (to various job arrival patterns)

Cluster Scheduling: Scalable DAG Scheduling
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[Mao et al. arXiv’18]



• Dependency-awareness by 3 levels of graph embedding 
• Data-parallel jobs have complex data- 

flow graphs with different attributes 
• But policy neural networks usually 

require fixed-sized vectors as input

Cluster Scheduling: Scalable DAG Scheduling
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[Mao et al. arXiv’18]

• Solution: uses a graph neural network 
to encode any number of arbitrary DAGs 
1. Each task node & its children 
2. All task nodes in the DAG 
3. All per-job embeddings  

• Embedding: 
g(·),  f(·) : NNs

eiv = g
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4
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• Configure job’s parallelism level & schedule task nodes 
• Node selection policy:  

softmax on scores q  
based on 3 embeddings 

• Parallelism limit selection: 
softmax on scores of  
different limit l of  
different jobs with 
the same function w: 

• q(·), w(·): NNs

Cluster Scheduling: Scalable DAG Scheduling
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[Mao et al. arXiv’18]
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• Scalability with jobs and machines 
• 3 g(·), 3 f(·), 1 q(·), 1 w(·): 8 NNs are 

reused for all jobs. 
• Decima as a service atop other  

cluster platforms (e.g., Spark, Mesos). 
• Scheduling latency: on avg. < 15ms, 

~50x smaller than events intervals.

Cluster Scheduling: Scalable DAG Scheduling
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[Mao et al. arXiv’18]

• Robustness to various arrival patterns 
• Different job arrival patterns have large impact on performance which affect rewards. 
• Solution: for each arrival sequence, compute separate baselines bk, subtracted in  

policy gradient algorithm REINFORCE:
✓  ✓ + ↵

TX

k=1

r✓ log ⇡✓ (sk, ak)

 
TX

k0=k

rk0 � bk

!

<latexit sha1_base64="N5ROpXMRiralmfAprLLdJf+sngU="></latexit><latexit sha1_base64="N5ROpXMRiralmfAprLLdJf+sngU="></latexit><latexit sha1_base64="N5ROpXMRiralmfAprLLdJf+sngU="></latexit><latexit sha1_base64="N5ROpXMRiralmfAprLLdJf+sngU="></latexit>



• Evaluation with performance analysis
Cluster Scheduling: Scalable DAG Scheduling
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[Mao et al. arXiv’18]

(a) Decima 
normalized 
to Graphene

• Decima trades off memory fragmentation  
against clearing the job queue more quickly: 

• using 39% more executors of largest class 
on the jobs with smallest 20% total work.



Cluster Scheduling: Summary
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Job Features Algorithm NN Structure

DeepRM Resource 
demand REINFORCE 1 FC-layer w/ 

 20 hidden units

Spear Resource & 
Task DAG MCTS & PG 3 FC-layer w/ 

256, 32, 32 units

Decima
Resource & 
Task DAG & 

Parallelism lv.
REINFORCE 8 x [2 FC-layer 

w/ 32, 16 units]



Virtual Machine Configuration: Summary
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Highlights Algorithm Publication

iBalloon learning agent 
for each VM Q-learning SIGMETRICS’11 (poster) 

MASCOTS’11

URL VM & Application 
co-configuration Q-learning JPDC’12

CoTuner
To larger cluster; 
reduce space by 
Simplex method

TD-learning TPDS’13



Power Management: Summary
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Highlights Algorithm Publication

Adaptive DPM Model-free Q-learning ICCAD’09

Near-optimal 
DPM

Continuous-time, 
Workload Predict

TD(λ), 
Naïve Bayes DAC’11

Hierarchical PM 
and Resource 

Allocation

Cluster & per-
node RL agent, 
Deep Learning

Q-learning, 
FNN, LSTM, 

Auto-Encoder
ICDCS’17



• Adaptive to Dynamic Workload 
• Taking workload prediction as state input. [Near-optimal DPM, Hierarchical PM]  
• Building separate baselines and subtracting them when updating. [Decima] 

• Cold Start of RL Agent 
• Initializing network with supervised learning to mimic heuristics policy. [Spear] 
• Sampling typical or default configurations as starting point. [URL] 

• Data Collection 
• Faithful simulation capturing critical real-world effects. [Pensieve, Decima] 
• Collecting data on the job. [Pytheas, AuTO]

Summary of Common Challenges
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• Scalability 
• “Divide and conquer” (sharing policy or NN). [Decima, iBalloon, Hierarchical PM] 
• Compressing global information: e.g., embedding, AE. [Decima, Hierarchical PM] 

• Space Reduction 
• Decoupling actions to different RL agents. [Decima, Hierarchical PM] 
• Converting combinatorial decisions to sequential ones. [DeepRM, Spear] 
• Merging different models with action masking. [Pensieve] 
• Discarding lower-priority information. [DeepRM] 
• Preprocessing with other methods or heuristics. [CoTuner, Spear]

Summary of Common Challenges
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Thank you

• Cloud Management with Reinforcement Learning 
• Introduction to Reinforcement Learning (RL) 
• RL Applications in Cloud Management 

• Network Optimization 
• Cluster Scheduling 
• Virtual Machine Configuration 
• Power Management
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