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Background



• TVM

Learning-based Learning System
   Frameworks

High-level data flow graph and optimizations

Hardware aware Search Space of Optimized Tensor Programs 

Machine Learning based Program Optimizer
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   Hardware

  

Deep Learning Deployment Platform
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• Computational graph
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• Sketch: each subgraph has many sketches (templates)

• Annotation: each sketch has many annotations (groups of parameter values)

]

for i 0 in range(32):

for j 0 in range(64):

for ic 2 in range(16):

for jc 2 in range(4):

for k.1 in range(16):

for k.2 in range(2):

for i.3 in range(2):

for j.3 in range(2):

for k.0 in range(2):

C = …

Annotation 1:

[Placeholder: A, B

]

for i 0 in range(2):

for j 0 in range(1024):

for ic 2 in range(32):

for jc 2 in range(2):

for k.0 in range(2):

for k.1 in range(8):

for k.2 in range(4):

for i.3 in range(4):

for j.3 in range(4):

C = …

Annotation 2:

[Placeholder: A, B

for i 0 in range(None):

for j 0 in range(None):

for ic 2 in range(None):

for jc 2 in range(None):

for k.0 in range(None):

for k.1 in range(None):

for k.2 in range(None):

for i.3 in range(None):

for j.3 in range(None):

C = …

Generated Kernel Code Sketch:

[Placeholder: A, B

]

• Target: the optimization target is to find the optimal annotations for each subgraph in
the deep learning model
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Hardware EnvironmentCode Generator
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<latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit>

f(x)
<latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit>

x = g(e, s)
<latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="z2KSz7Kif4ZV+s/8P9zK5Mr1Z7I=">AAAB53icbZBLSwMxFIXv1FetVatbN8EiVJAy40Y3guDGZQX7gOlQMmmmDc0kQ3JHLKU/w40LRfxH7vw3po+Fth4IfJyTkHtPnElh0fe/vcLG5tb2TnG3tFfePzisHJVbVueG8SbTUptOTC2XQvEmCpS8kxlO01jydjy6m+XtJ26s0OoRxxmPUjpQIhGMorPCZ3JDBjV+Qex5r1L16/5cZB2CJVRhqUav8tXta5anXCGT1Now8DOMJtSgYJJPS93c8oyyER3w0KGiKbfRZD7ylJw5p08SbdxRSObu7xcTmlo7TmN3M6U4tKvZzPwvC3NMrqOJUFmOXLHFR0kuCWoy25/0heEM5dgBZUa4WQkbUkMZupZKroRgdeV1aF3WA78ePPhQhBM4hRoEcAW3cA8NaAIDDS/wBu8eeq/ex6Kugrfs7Rj+yPv8AcRGjlw=</latexit><latexit sha1_base64="z2KSz7Kif4ZV+s/8P9zK5Mr1Z7I=">AAAB53icbZBLSwMxFIXv1FetVatbN8EiVJAy40Y3guDGZQX7gOlQMmmmDc0kQ3JHLKU/w40LRfxH7vw3po+Fth4IfJyTkHtPnElh0fe/vcLG5tb2TnG3tFfePzisHJVbVueG8SbTUptOTC2XQvEmCpS8kxlO01jydjy6m+XtJ26s0OoRxxmPUjpQIhGMorPCZ3JDBjV+Qex5r1L16/5cZB2CJVRhqUav8tXta5anXCGT1Now8DOMJtSgYJJPS93c8oyyER3w0KGiKbfRZD7ylJw5p08SbdxRSObu7xcTmlo7TmN3M6U4tKvZzPwvC3NMrqOJUFmOXLHFR0kuCWoy25/0heEM5dgBZUa4WQkbUkMZupZKroRgdeV1aF3WA78ePPhQhBM4hRoEcAW3cA8NaAIDDS/wBu8eeq/ex6Kugrfs7Rj+yPv8AcRGjlw=</latexit><latexit sha1_base64="zWSX7SEAPOAMI/A+45JBiFTQx0U=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJUkJJ40YtQ9OKxgv2ANJTNdtIu3WzC7kYspT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtUOqUXCJDcONwHaqkMahwFY4vJ36rUdUmifywYxSDGLalzzijBor+U/kmvQreE70WbdUdqvuDGSZeDkpQ456t/TV6SUsi1EaJqjWvuemJhhTZTgTOCl2Mo0pZUPaR99SSWPUwXh28oScWqVHokTZkobM1N8TYxprPYpD2xlTM9CL3lT8z/MzE10FYy7TzKBk80VRJohJyPR/0uMKmREjSyhT3N5K2IAqyoxNqWhD8BZfXibNi6rnVr17t1y7yeMowDGcQAU8uIQa3EEdGsAggWd4hTfHOC/Ou/Mxb11x8pkj+APn8wfz/4+1</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit>
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Figure 2: Framework for learning to optimize tensor programs.

We use primitives from an existing code generation framework [9] to form Se. Our search space
includes multi-level tiling on each loop axis, loop ordering, shared memory caching for GPUs, and
annotations such as unrolling and vectorization. The search space size |Se| can be on the order of
billions of possible implementations for a single GPU operator. As we find in section 6 , our choice
of Se can contain programs competitive with hand-optimized libraries.

3 Learning to Optimize Tensor Programs

We propose a machine learning (ML)-based framework to solve this problem. Figure 2 presents
the framework and its modules. We build a statistical cost model f̂(x) to estimate the cost of each
low-level program x. An exploration module proposes new schedule configurations to run on the
hardware. The run time statistics are collected in a database D = {(ei, si, ci)}, which can in turn be
used to update f̂ . We discuss module-specific design choices in the following subsections.

3.1 Statistical Cost Model

The first statistical model we support is based on gradient boosted trees [11](GBTs). We extract
domain-specific features from a given low-level abstract syntax tree (AST) x. The features include
loop structure information (e.g., memory access count and data reuse ratio) and generic annotations
(e.g., vectorization, unrolling, thread binding). We use XGBoost [7], which has proven to be a strong
feature-based model in past problems. Our second model is a TreeGRU[39], which recursively
encodes a low-level AST into an embedding vector. We map the embedding vector to a final predicted
cost using a linear layer.

GBT and TreeGRU represent two distinct ML approaches to problem resolution. Both are valuable,
but they offer different benefits. GBT relies on precise feature extraction and makes fast predictions
using CPUs. TreeGRU, the deep learning-based approach, is extensible and requires no feature
engineering, but it lags in training and predictive speed. We apply batching to the TreeGRU model
and use GPU acceleration to make training and prediction fast enough to be usable in our framework.

3.2 Training Objective Function

We can choose from multiple objective functions to train a statistical cost model for a given collection
of data D = {(ei, si, ci)}. A common choice is the regression loss function

P
i(f̂(xi)� ci)

2 , which
encourages the model to predict cost accurately. On the other hand, as we care only about the relative
order of program run times rather than their absolute values in the selection process, we can instead
use the following rank loss function [6]:

X

i,j

log(1 + e� sign(ci�cj)(f̂(xi)�f̂(xj))). (2)

We can use the prediction f̂(x) to select the top-performing implementations.

3.3 Exploration Module

The exploration module controls the search loop, which is summarized in Algorithm 1. At each
iteration, it must pick a batch of candidate programs based on f̂(x) and query f(x) on real hardware.
We cannot simply enumerate the entire space of Se and pick the top-b candidates due to the size
of the search space. Instead, we use simulated annealing [19] with f̂(x) as the energy function.

3

• AutoTVM (Chen et al. 2018)

• CHAMELEON: reinforcement learning + adaptive sampling (Ahn et al. 2020)

• GGA: guided genetic algorithm (Mu et al. 2020)

• DGP-TL: deep Gaussian process + transfer learning (Q. Sun et al. 2021)

• Ansor: program sampler, sketch, annotation (Zheng et al. 2020)

Deep Learning Deployment Methods for GPU

7/28



Previous Arts

Expression

Schedule 
Space Exploration Module

Cost Model

Hardware EnvironmentCode Generator

e
<latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="DprgtIzi24Eq9y5/8TyqdCxQO58=">AAAB3XicbZBLSwMxFIXv+Ky1anXrJlgEV2XGjS4FNy5bsA9oh5JJ77SxmcyQ3BHK0F/gxoUi/i13/hvTx0JbDwQ+zknIvSfKlLTk+9/e1vbO7t5+6aB8WDk6PqmeVto2zY3AlkhVaroRt6ikxhZJUtjNDPIkUtiJJvfzvPOMxspUP9I0wzDhIy1jKTg5q4mDas2v+wuxTQhWUIOVGoPqV3+YijxBTUJxa3uBn1FYcENSKJyV+7nFjIsJH2HPoeYJ2rBYDDpjl84Zsjg17mhiC/f3i4In1k6TyN1MOI3tejY3/8t6OcW3YSF1lhNqsfwozhWjlM23ZkNpUJCaOuDCSDcrE2NuuCDXTdmVEKyvvAnt63rg14OmDyU4hwu4ggBu4A4eoAEtEIDwAm/w7j15r97Hsq4tb9XbGfyR9/kDtZiLlg==</latexit><latexit sha1_base64="DprgtIzi24Eq9y5/8TyqdCxQO58=">AAAB3XicbZBLSwMxFIXv+Ky1anXrJlgEV2XGjS4FNy5bsA9oh5JJ77SxmcyQ3BHK0F/gxoUi/i13/hvTx0JbDwQ+zknIvSfKlLTk+9/e1vbO7t5+6aB8WDk6PqmeVto2zY3AlkhVaroRt6ikxhZJUtjNDPIkUtiJJvfzvPOMxspUP9I0wzDhIy1jKTg5q4mDas2v+wuxTQhWUIOVGoPqV3+YijxBTUJxa3uBn1FYcENSKJyV+7nFjIsJH2HPoeYJ2rBYDDpjl84Zsjg17mhiC/f3i4In1k6TyN1MOI3tejY3/8t6OcW3YSF1lhNqsfwozhWjlM23ZkNpUJCaOuDCSDcrE2NuuCDXTdmVEKyvvAnt63rg14OmDyU4hwu4ggBu4A4eoAEtEIDwAm/w7j15r97Hsq4tb9XbGfyR9/kDtZiLlg==</latexit><latexit sha1_base64="f06LPawGe2Q0Ej/v9kIC5ARzRvQ=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVaOKjW3Lq7AFknXkFqUKA5qH71hwnLYpSGCap1z3NTE+RUGc4Ezir9TGNK2YSOsGeppDHqIF8cOiMXVhmSKFG2pCEL9fdETmOtp3FoO2NqxnrVm4v/eb3MRDdBzmWaGZRsuSjKBDEJmX9NhlwhM2JqCWWK21sJG1NFmbHZVGwI3urL66R9Vffcutdya43bIo4ynME5XIIH19CAe2iCDwwQnuEV3pxH58V5dz6WrSWnmDmFP3A+fwDILYzl</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit>

e, s
<latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit>

f̂(x)
<latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit>

f(x)
<latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit>

x = g(e, s)
<latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="z2KSz7Kif4ZV+s/8P9zK5Mr1Z7I=">AAAB53icbZBLSwMxFIXv1FetVatbN8EiVJAy40Y3guDGZQX7gOlQMmmmDc0kQ3JHLKU/w40LRfxH7vw3po+Fth4IfJyTkHtPnElh0fe/vcLG5tb2TnG3tFfePzisHJVbVueG8SbTUptOTC2XQvEmCpS8kxlO01jydjy6m+XtJ26s0OoRxxmPUjpQIhGMorPCZ3JDBjV+Qex5r1L16/5cZB2CJVRhqUav8tXta5anXCGT1Now8DOMJtSgYJJPS93c8oyyER3w0KGiKbfRZD7ylJw5p08SbdxRSObu7xcTmlo7TmN3M6U4tKvZzPwvC3NMrqOJUFmOXLHFR0kuCWoy25/0heEM5dgBZUa4WQkbUkMZupZKroRgdeV1aF3WA78ePPhQhBM4hRoEcAW3cA8NaAIDDS/wBu8eeq/ex6Kugrfs7Rj+yPv8AcRGjlw=</latexit><latexit sha1_base64="z2KSz7Kif4ZV+s/8P9zK5Mr1Z7I=">AAAB53icbZBLSwMxFIXv1FetVatbN8EiVJAy40Y3guDGZQX7gOlQMmmmDc0kQ3JHLKU/w40LRfxH7vw3po+Fth4IfJyTkHtPnElh0fe/vcLG5tb2TnG3tFfePzisHJVbVueG8SbTUptOTC2XQvEmCpS8kxlO01jydjy6m+XtJ26s0OoRxxmPUjpQIhGMorPCZ3JDBjV+Qex5r1L16/5cZB2CJVRhqUav8tXta5anXCGT1Now8DOMJtSgYJJPS93c8oyyER3w0KGiKbfRZD7ylJw5p08SbdxRSObu7xcTmlo7TmN3M6U4tKvZzPwvC3NMrqOJUFmOXLHFR0kuCWoy25/0heEM5dgBZUa4WQkbUkMZupZKroRgdeV1aF3WA78ePPhQhBM4hRoEcAW3cA8NaAIDDS/wBu8eeq/ex6Kugrfs7Rj+yPv8AcRGjlw=</latexit><latexit sha1_base64="zWSX7SEAPOAMI/A+45JBiFTQx0U=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJUkJJ40YtQ9OKxgv2ANJTNdtIu3WzC7kYspT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtUOqUXCJDcONwHaqkMahwFY4vJ36rUdUmifywYxSDGLalzzijBor+U/kmvQreE70WbdUdqvuDGSZeDkpQ456t/TV6SUsi1EaJqjWvuemJhhTZTgTOCl2Mo0pZUPaR99SSWPUwXh28oScWqVHokTZkobM1N8TYxprPYpD2xlTM9CL3lT8z/MzE10FYy7TzKBk80VRJohJyPR/0uMKmREjSyhT3N5K2IAqyoxNqWhD8BZfXibNi6rnVr17t1y7yeMowDGcQAU8uIQa3EEdGsAggWd4hTfHOC/Ou/Mxb11x8pkj+APn8wfz/4+1</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit>
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Figure 2: Framework for learning to optimize tensor programs.

We use primitives from an existing code generation framework [9] to form Se. Our search space
includes multi-level tiling on each loop axis, loop ordering, shared memory caching for GPUs, and
annotations such as unrolling and vectorization. The search space size |Se| can be on the order of
billions of possible implementations for a single GPU operator. As we find in section 6 , our choice
of Se can contain programs competitive with hand-optimized libraries.

3 Learning to Optimize Tensor Programs

We propose a machine learning (ML)-based framework to solve this problem. Figure 2 presents
the framework and its modules. We build a statistical cost model f̂(x) to estimate the cost of each
low-level program x. An exploration module proposes new schedule configurations to run on the
hardware. The run time statistics are collected in a database D = {(ei, si, ci)}, which can in turn be
used to update f̂ . We discuss module-specific design choices in the following subsections.

3.1 Statistical Cost Model

The first statistical model we support is based on gradient boosted trees [11](GBTs). We extract
domain-specific features from a given low-level abstract syntax tree (AST) x. The features include
loop structure information (e.g., memory access count and data reuse ratio) and generic annotations
(e.g., vectorization, unrolling, thread binding). We use XGBoost [7], which has proven to be a strong
feature-based model in past problems. Our second model is a TreeGRU[39], which recursively
encodes a low-level AST into an embedding vector. We map the embedding vector to a final predicted
cost using a linear layer.

GBT and TreeGRU represent two distinct ML approaches to problem resolution. Both are valuable,
but they offer different benefits. GBT relies on precise feature extraction and makes fast predictions
using CPUs. TreeGRU, the deep learning-based approach, is extensible and requires no feature
engineering, but it lags in training and predictive speed. We apply batching to the TreeGRU model
and use GPU acceleration to make training and prediction fast enough to be usable in our framework.

3.2 Training Objective Function

We can choose from multiple objective functions to train a statistical cost model for a given collection
of data D = {(ei, si, ci)}. A common choice is the regression loss function

P
i(f̂(xi)� ci)

2 , which
encourages the model to predict cost accurately. On the other hand, as we care only about the relative
order of program run times rather than their absolute values in the selection process, we can instead
use the following rank loss function [6]:

X

i,j

log(1 + e� sign(ci�cj)(f̂(xi)�f̂(xj))). (2)

We can use the prediction f̂(x) to select the top-performing implementations.

3.3 Exploration Module

The exploration module controls the search loop, which is summarized in Algorithm 1. At each
iteration, it must pick a batch of candidate programs based on f̂(x) and query f(x) on real hardware.
We cannot simply enumerate the entire space of Se and pick the top-b candidates due to the size
of the search space. Instead, we use simulated annealing [19] with f̂(x) as the energy function.

3

• AutoTVM (Chen et al. 2018)

• CHAMELEON: reinforcement learning + adaptive sampling (Ahn et al. 2020)

• GGA: guided genetic algorithm (Mu et al. 2020)

• DGP-TL: deep Gaussian process + transfer learning (Q. Sun et al. 2021)

• Ansor: program sampler, sketch, annotation (Zheng et al. 2020)
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e, s
<latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit>

f̂(x)
<latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit>

f(x)
<latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit>

x = g(e, s)
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Figure 2: Framework for learning to optimize tensor programs.

We use primitives from an existing code generation framework [9] to form Se. Our search space
includes multi-level tiling on each loop axis, loop ordering, shared memory caching for GPUs, and
annotations such as unrolling and vectorization. The search space size |Se| can be on the order of
billions of possible implementations for a single GPU operator. As we find in section 6 , our choice
of Se can contain programs competitive with hand-optimized libraries.

3 Learning to Optimize Tensor Programs

We propose a machine learning (ML)-based framework to solve this problem. Figure 2 presents
the framework and its modules. We build a statistical cost model f̂(x) to estimate the cost of each
low-level program x. An exploration module proposes new schedule configurations to run on the
hardware. The run time statistics are collected in a database D = {(ei, si, ci)}, which can in turn be
used to update f̂ . We discuss module-specific design choices in the following subsections.

3.1 Statistical Cost Model

The first statistical model we support is based on gradient boosted trees [11](GBTs). We extract
domain-specific features from a given low-level abstract syntax tree (AST) x. The features include
loop structure information (e.g., memory access count and data reuse ratio) and generic annotations
(e.g., vectorization, unrolling, thread binding). We use XGBoost [7], which has proven to be a strong
feature-based model in past problems. Our second model is a TreeGRU[39], which recursively
encodes a low-level AST into an embedding vector. We map the embedding vector to a final predicted
cost using a linear layer.

GBT and TreeGRU represent two distinct ML approaches to problem resolution. Both are valuable,
but they offer different benefits. GBT relies on precise feature extraction and makes fast predictions
using CPUs. TreeGRU, the deep learning-based approach, is extensible and requires no feature
engineering, but it lags in training and predictive speed. We apply batching to the TreeGRU model
and use GPU acceleration to make training and prediction fast enough to be usable in our framework.

3.2 Training Objective Function

We can choose from multiple objective functions to train a statistical cost model for a given collection
of data D = {(ei, si, ci)}. A common choice is the regression loss function

P
i(f̂(xi)� ci)

2 , which
encourages the model to predict cost accurately. On the other hand, as we care only about the relative
order of program run times rather than their absolute values in the selection process, we can instead
use the following rank loss function [6]:

X

i,j

log(1 + e� sign(ci�cj)(f̂(xi)�f̂(xj))). (2)

We can use the prediction f̂(x) to select the top-performing implementations.

3.3 Exploration Module

The exploration module controls the search loop, which is summarized in Algorithm 1. At each
iteration, it must pick a batch of candidate programs based on f̂(x) and query f(x) on real hardware.
We cannot simply enumerate the entire space of Se and pick the top-b candidates due to the size
of the search space. Instead, we use simulated annealing [19] with f̂(x) as the energy function.

3

• AutoTVM (Chen et al. 2018)

• CHAMELEON: reinforcement learning + adaptive sampling (Ahn et al. 2020)

• GGA: guided genetic algorithm (Mu et al. 2020)

• DGP-TL: deep Gaussian process + transfer learning (Q. Sun et al. 2021)

• Ansor: program sampler, sketch, annotation (Zheng et al. 2020)
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<latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="DprgtIzi24Eq9y5/8TyqdCxQO58=">AAAB3XicbZBLSwMxFIXv+Ky1anXrJlgEV2XGjS4FNy5bsA9oh5JJ77SxmcyQ3BHK0F/gxoUi/i13/hvTx0JbDwQ+zknIvSfKlLTk+9/e1vbO7t5+6aB8WDk6PqmeVto2zY3AlkhVaroRt6ikxhZJUtjNDPIkUtiJJvfzvPOMxspUP9I0wzDhIy1jKTg5q4mDas2v+wuxTQhWUIOVGoPqV3+YijxBTUJxa3uBn1FYcENSKJyV+7nFjIsJH2HPoeYJ2rBYDDpjl84Zsjg17mhiC/f3i4In1k6TyN1MOI3tejY3/8t6OcW3YSF1lhNqsfwozhWjlM23ZkNpUJCaOuDCSDcrE2NuuCDXTdmVEKyvvAnt63rg14OmDyU4hwu4ggBu4A4eoAEtEIDwAm/w7j15r97Hsq4tb9XbGfyR9/kDtZiLlg==</latexit><latexit sha1_base64="DprgtIzi24Eq9y5/8TyqdCxQO58=">AAAB3XicbZBLSwMxFIXv+Ky1anXrJlgEV2XGjS4FNy5bsA9oh5JJ77SxmcyQ3BHK0F/gxoUi/i13/hvTx0JbDwQ+zknIvSfKlLTk+9/e1vbO7t5+6aB8WDk6PqmeVto2zY3AlkhVaroRt6ikxhZJUtjNDPIkUtiJJvfzvPOMxspUP9I0wzDhIy1jKTg5q4mDas2v+wuxTQhWUIOVGoPqV3+YijxBTUJxa3uBn1FYcENSKJyV+7nFjIsJH2HPoeYJ2rBYDDpjl84Zsjg17mhiC/f3i4In1k6TyN1MOI3tejY3/8t6OcW3YSF1lhNqsfwozhWjlM23ZkNpUJCaOuDCSDcrE2NuuCDXTdmVEKyvvAnt63rg14OmDyU4hwu4ggBu4A4eoAEtEIDwAm/w7j15r97Hsq4tb9XbGfyR9/kDtZiLlg==</latexit><latexit sha1_base64="f06LPawGe2Q0Ej/v9kIC5ARzRvQ=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVaOKjW3Lq7AFknXkFqUKA5qH71hwnLYpSGCap1z3NTE+RUGc4Ezir9TGNK2YSOsGeppDHqIF8cOiMXVhmSKFG2pCEL9fdETmOtp3FoO2NqxnrVm4v/eb3MRDdBzmWaGZRsuSjKBDEJmX9NhlwhM2JqCWWK21sJG1NFmbHZVGwI3urL66R9Vffcutdya43bIo4ynME5XIIH19CAe2iCDwwQnuEV3pxH58V5dz6WrSWnmDmFP3A+fwDILYzl</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit><latexit sha1_base64="NPruYLn66/puOzAMtMM3tSFgc5w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjjZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1XPrXrN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx/JbYzp</latexit>

e, s
<latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit>

f̂(x)
<latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit>

f(x)
<latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit>
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Figure 2: Framework for learning to optimize tensor programs.

We use primitives from an existing code generation framework [9] to form Se. Our search space
includes multi-level tiling on each loop axis, loop ordering, shared memory caching for GPUs, and
annotations such as unrolling and vectorization. The search space size |Se| can be on the order of
billions of possible implementations for a single GPU operator. As we find in section 6 , our choice
of Se can contain programs competitive with hand-optimized libraries.

3 Learning to Optimize Tensor Programs

We propose a machine learning (ML)-based framework to solve this problem. Figure 2 presents
the framework and its modules. We build a statistical cost model f̂(x) to estimate the cost of each
low-level program x. An exploration module proposes new schedule configurations to run on the
hardware. The run time statistics are collected in a database D = {(ei, si, ci)}, which can in turn be
used to update f̂ . We discuss module-specific design choices in the following subsections.

3.1 Statistical Cost Model

The first statistical model we support is based on gradient boosted trees [11](GBTs). We extract
domain-specific features from a given low-level abstract syntax tree (AST) x. The features include
loop structure information (e.g., memory access count and data reuse ratio) and generic annotations
(e.g., vectorization, unrolling, thread binding). We use XGBoost [7], which has proven to be a strong
feature-based model in past problems. Our second model is a TreeGRU[39], which recursively
encodes a low-level AST into an embedding vector. We map the embedding vector to a final predicted
cost using a linear layer.

GBT and TreeGRU represent two distinct ML approaches to problem resolution. Both are valuable,
but they offer different benefits. GBT relies on precise feature extraction and makes fast predictions
using CPUs. TreeGRU, the deep learning-based approach, is extensible and requires no feature
engineering, but it lags in training and predictive speed. We apply batching to the TreeGRU model
and use GPU acceleration to make training and prediction fast enough to be usable in our framework.

3.2 Training Objective Function

We can choose from multiple objective functions to train a statistical cost model for a given collection
of data D = {(ei, si, ci)}. A common choice is the regression loss function

P
i(f̂(xi)� ci)

2 , which
encourages the model to predict cost accurately. On the other hand, as we care only about the relative
order of program run times rather than their absolute values in the selection process, we can instead
use the following rank loss function [6]:

X

i,j

log(1 + e� sign(ci�cj)(f̂(xi)�f̂(xj))). (2)

We can use the prediction f̂(x) to select the top-performing implementations.

3.3 Exploration Module

The exploration module controls the search loop, which is summarized in Algorithm 1. At each
iteration, it must pick a batch of candidate programs based on f̂(x) and query f(x) on real hardware.
We cannot simply enumerate the entire space of Se and pick the top-b candidates due to the size
of the search space. Instead, we use simulated annealing [19] with f̂(x) as the energy function.

3

• AutoTVM (Chen et al. 2018)

• CHAMELEON: reinforcement learning + adaptive sampling (Ahn et al. 2020)

• GGA: guided genetic algorithm (Mu et al. 2020)

• DGP-TL: deep Gaussian process + transfer learning (Q. Sun et al. 2021)

• Ansor: program sampler, sketch, annotation (Zheng et al. 2020)
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f(x)
<latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit>

x = g(e, s)
<latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="z2KSz7Kif4ZV+s/8P9zK5Mr1Z7I=">AAAB53icbZBLSwMxFIXv1FetVatbN8EiVJAy40Y3guDGZQX7gOlQMmmmDc0kQ3JHLKU/w40LRfxH7vw3po+Fth4IfJyTkHtPnElh0fe/vcLG5tb2TnG3tFfePzisHJVbVueG8SbTUptOTC2XQvEmCpS8kxlO01jydjy6m+XtJ26s0OoRxxmPUjpQIhGMorPCZ3JDBjV+Qex5r1L16/5cZB2CJVRhqUav8tXta5anXCGT1Now8DOMJtSgYJJPS93c8oyyER3w0KGiKbfRZD7ylJw5p08SbdxRSObu7xcTmlo7TmN3M6U4tKvZzPwvC3NMrqOJUFmOXLHFR0kuCWoy25/0heEM5dgBZUa4WQkbUkMZupZKroRgdeV1aF3WA78ePPhQhBM4hRoEcAW3cA8NaAIDDS/wBu8eeq/ex6Kugrfs7Rj+yPv8AcRGjlw=</latexit><latexit sha1_base64="z2KSz7Kif4ZV+s/8P9zK5Mr1Z7I=">AAAB53icbZBLSwMxFIXv1FetVatbN8EiVJAy40Y3guDGZQX7gOlQMmmmDc0kQ3JHLKU/w40LRfxH7vw3po+Fth4IfJyTkHtPnElh0fe/vcLG5tb2TnG3tFfePzisHJVbVueG8SbTUptOTC2XQvEmCpS8kxlO01jydjy6m+XtJ26s0OoRxxmPUjpQIhGMorPCZ3JDBjV+Qex5r1L16/5cZB2CJVRhqUav8tXta5anXCGT1Now8DOMJtSgYJJPS93c8oyyER3w0KGiKbfRZD7ylJw5p08SbdxRSObu7xcTmlo7TmN3M6U4tKvZzPwvC3NMrqOJUFmOXLHFR0kuCWoy25/0heEM5dgBZUa4WQkbUkMZupZKroRgdeV1aF3WA78ePPhQhBM4hRoEcAW3cA8NaAIDDS/wBu8eeq/ex6Kugrfs7Rj+yPv8AcRGjlw=</latexit><latexit sha1_base64="zWSX7SEAPOAMI/A+45JBiFTQx0U=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJUkJJ40YtQ9OKxgv2ANJTNdtIu3WzC7kYspT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtUOqUXCJDcONwHaqkMahwFY4vJ36rUdUmifywYxSDGLalzzijBor+U/kmvQreE70WbdUdqvuDGSZeDkpQ456t/TV6SUsi1EaJqjWvuemJhhTZTgTOCl2Mo0pZUPaR99SSWPUwXh28oScWqVHokTZkobM1N8TYxprPYpD2xlTM9CL3lT8z/MzE10FYy7TzKBk80VRJohJyPR/0uMKmREjSyhT3N5K2IAqyoxNqWhD8BZfXibNi6rnVr17t1y7yeMowDGcQAU8uIQa3EEdGsAggWd4hTfHOC/Ou/Mxb11x8pkj+APn8wfz/4+1</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit>

D<latexit sha1_base64="1Z6CzjBl0OMVztfQ+m452YDkcY0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxDE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AdN2RWg==</latexit><latexit sha1_base64="1Z6CzjBl0OMVztfQ+m452YDkcY0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxDE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AdN2RWg==</latexit><latexit sha1_base64="1Z6CzjBl0OMVztfQ+m452YDkcY0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxDE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AdN2RWg==</latexit><latexit sha1_base64="1Z6CzjBl0OMVztfQ+m452YDkcY0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxDE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AdN2RWg==</latexit>
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Figure 2: Framework for learning to optimize tensor programs.

We use primitives from an existing code generation framework [9] to form Se. Our search space
includes multi-level tiling on each loop axis, loop ordering, shared memory caching for GPUs, and
annotations such as unrolling and vectorization. The search space size |Se| can be on the order of
billions of possible implementations for a single GPU operator. As we find in section 6 , our choice
of Se can contain programs competitive with hand-optimized libraries.

3 Learning to Optimize Tensor Programs

We propose a machine learning (ML)-based framework to solve this problem. Figure 2 presents
the framework and its modules. We build a statistical cost model f̂(x) to estimate the cost of each
low-level program x. An exploration module proposes new schedule configurations to run on the
hardware. The run time statistics are collected in a database D = {(ei, si, ci)}, which can in turn be
used to update f̂ . We discuss module-specific design choices in the following subsections.

3.1 Statistical Cost Model

The first statistical model we support is based on gradient boosted trees [11](GBTs). We extract
domain-specific features from a given low-level abstract syntax tree (AST) x. The features include
loop structure information (e.g., memory access count and data reuse ratio) and generic annotations
(e.g., vectorization, unrolling, thread binding). We use XGBoost [7], which has proven to be a strong
feature-based model in past problems. Our second model is a TreeGRU[39], which recursively
encodes a low-level AST into an embedding vector. We map the embedding vector to a final predicted
cost using a linear layer.

GBT and TreeGRU represent two distinct ML approaches to problem resolution. Both are valuable,
but they offer different benefits. GBT relies on precise feature extraction and makes fast predictions
using CPUs. TreeGRU, the deep learning-based approach, is extensible and requires no feature
engineering, but it lags in training and predictive speed. We apply batching to the TreeGRU model
and use GPU acceleration to make training and prediction fast enough to be usable in our framework.

3.2 Training Objective Function

We can choose from multiple objective functions to train a statistical cost model for a given collection
of data D = {(ei, si, ci)}. A common choice is the regression loss function

P
i(f̂(xi)� ci)

2 , which
encourages the model to predict cost accurately. On the other hand, as we care only about the relative
order of program run times rather than their absolute values in the selection process, we can instead
use the following rank loss function [6]:

X

i,j

log(1 + e� sign(ci�cj)(f̂(xi)�f̂(xj))). (2)

We can use the prediction f̂(x) to select the top-performing implementations.

3.3 Exploration Module

The exploration module controls the search loop, which is summarized in Algorithm 1. At each
iteration, it must pick a batch of candidate programs based on f̂(x) and query f(x) on real hardware.
We cannot simply enumerate the entire space of Se and pick the top-b candidates due to the size
of the search space. Instead, we use simulated annealing [19] with f̂(x) as the energy function.

3

• AutoTVM (Chen et al. 2018)

• CHAMELEON: reinforcement learning + adaptive sampling (Ahn et al. 2020)

• GGA: guided genetic algorithm (Mu et al. 2020)

• DGP-TL: deep Gaussian process + transfer learning (Q. Sun et al. 2021)

• Ansor: program sampler, sketch, annotation (Zheng et al. 2020)
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<latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit><latexit sha1_base64="EC80YnDk9bIj8j/Ofs/0DuTf/ps=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglhwY1332ymtrW9sbpW3Kzu7e/sH1cOjtokSzbDFIhHpbkANCq6wZbkV2I01UhkI7ASTu9zvPKE2PFKPdhqjL+lI8ZAzanMJL4gZVGtu3Z2DrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6KdWWM4GzSj8xGFM2oSPsZVRRicZP57fOyFmmDEkY6ayUJXP190RKpTFTGWSdktqxWfZy8T+vl9jwxk+5ihOLii0WhYkgNiL542TINTIrphmhTPPsVsLGVFNms3gqWQje8surpH1Z99y693BVa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb450Xpx352PRWnKKmWP4A+fzB1tgjcY=</latexit>

f̂(x)
<latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit><latexit sha1_base64="3YWuE+22s48EHVzAe+Zi3sO8Uu4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbG6x3HC/YgOlAgFo2ilh+6QYhZOKk9nvVLZrbozkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2YXT8ipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+j7pC80ZyrEllGlhbyVsSDVlaEMq2hC8xZeXSfO86rlV7+6iXLvO4yjAMZxABTy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5Az4nkJ4=</latexit>

f(x)
<latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit><latexit sha1_base64="Appt6dOASLoU0puF9XJna1LvMt4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWMG2hDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nUeqNIvlg5kmNBB4JFnECDa5FNWfzgfVmttw50CrxCtIDQq0BtWv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0Lxqe2/DuL2vNmyKOMpzAKdTBgytowh20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz9sX43R</latexit>

x = g(e, s)
<latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="z2KSz7Kif4ZV+s/8P9zK5Mr1Z7I=">AAAB53icbZBLSwMxFIXv1FetVatbN8EiVJAy40Y3guDGZQX7gOlQMmmmDc0kQ3JHLKU/w40LRfxH7vw3po+Fth4IfJyTkHtPnElh0fe/vcLG5tb2TnG3tFfePzisHJVbVueG8SbTUptOTC2XQvEmCpS8kxlO01jydjy6m+XtJ26s0OoRxxmPUjpQIhGMorPCZ3JDBjV+Qex5r1L16/5cZB2CJVRhqUav8tXta5anXCGT1Now8DOMJtSgYJJPS93c8oyyER3w0KGiKbfRZD7ylJw5p08SbdxRSObu7xcTmlo7TmN3M6U4tKvZzPwvC3NMrqOJUFmOXLHFR0kuCWoy25/0heEM5dgBZUa4WQkbUkMZupZKroRgdeV1aF3WA78ePPhQhBM4hRoEcAW3cA8NaAIDDS/wBu8eeq/ex6Kugrfs7Rj+yPv8AcRGjlw=</latexit><latexit sha1_base64="z2KSz7Kif4ZV+s/8P9zK5Mr1Z7I=">AAAB53icbZBLSwMxFIXv1FetVatbN8EiVJAy40Y3guDGZQX7gOlQMmmmDc0kQ3JHLKU/w40LRfxH7vw3po+Fth4IfJyTkHtPnElh0fe/vcLG5tb2TnG3tFfePzisHJVbVueG8SbTUptOTC2XQvEmCpS8kxlO01jydjy6m+XtJ26s0OoRxxmPUjpQIhGMorPCZ3JDBjV+Qex5r1L16/5cZB2CJVRhqUav8tXta5anXCGT1Now8DOMJtSgYJJPS93c8oyyER3w0KGiKbfRZD7ylJw5p08SbdxRSObu7xcTmlo7TmN3M6U4tKvZzPwvC3NMrqOJUFmOXLHFR0kuCWoy25/0heEM5dgBZUa4WQkbUkMZupZKroRgdeV1aF3WA78ePPhQhBM4hRoEcAW3cA8NaAIDDS/wBu8eeq/ex6Kugrfs7Rj+yPv8AcRGjlw=</latexit><latexit sha1_base64="zWSX7SEAPOAMI/A+45JBiFTQx0U=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJUkJJ40YtQ9OKxgv2ANJTNdtIu3WzC7kYspT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtUOqUXCJDcONwHaqkMahwFY4vJ36rUdUmifywYxSDGLalzzijBor+U/kmvQreE70WbdUdqvuDGSZeDkpQ456t/TV6SUsi1EaJqjWvuemJhhTZTgTOCl2Mo0pZUPaR99SSWPUwXh28oScWqVHokTZkobM1N8TYxprPYpD2xlTM9CL3lT8z/MzE10FYy7TzKBk80VRJohJyPR/0uMKmREjSyhT3N5K2IAqyoxNqWhD8BZfXibNi6rnVr17t1y7yeMowDGcQAU8uIQa3EEdGsAggWd4hTfHOC/Ou/Mxb11x8pkj+APn8wfz/4+1</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit><latexit sha1_base64="7SfFS4wAO3Vo/fTFR5rvB5I+J3s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquCHoRil48VrAfsF1KNs22odlkSWbFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo9up335k2nAlH2CcsCAmA8kjTglYyX/C13hQZWfYnPbKFbfmzoCXiZeTCsrR6JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiK6CjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd1zy35t1fVOo3eRxFdISOURV56BLV0R1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP9T+PuQ==</latexit>
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Figure 2: Framework for learning to optimize tensor programs.

We use primitives from an existing code generation framework [9] to form Se. Our search space
includes multi-level tiling on each loop axis, loop ordering, shared memory caching for GPUs, and
annotations such as unrolling and vectorization. The search space size |Se| can be on the order of
billions of possible implementations for a single GPU operator. As we find in section 6 , our choice
of Se can contain programs competitive with hand-optimized libraries.

3 Learning to Optimize Tensor Programs

We propose a machine learning (ML)-based framework to solve this problem. Figure 2 presents
the framework and its modules. We build a statistical cost model f̂(x) to estimate the cost of each
low-level program x. An exploration module proposes new schedule configurations to run on the
hardware. The run time statistics are collected in a database D = {(ei, si, ci)}, which can in turn be
used to update f̂ . We discuss module-specific design choices in the following subsections.

3.1 Statistical Cost Model

The first statistical model we support is based on gradient boosted trees [11](GBTs). We extract
domain-specific features from a given low-level abstract syntax tree (AST) x. The features include
loop structure information (e.g., memory access count and data reuse ratio) and generic annotations
(e.g., vectorization, unrolling, thread binding). We use XGBoost [7], which has proven to be a strong
feature-based model in past problems. Our second model is a TreeGRU[39], which recursively
encodes a low-level AST into an embedding vector. We map the embedding vector to a final predicted
cost using a linear layer.

GBT and TreeGRU represent two distinct ML approaches to problem resolution. Both are valuable,
but they offer different benefits. GBT relies on precise feature extraction and makes fast predictions
using CPUs. TreeGRU, the deep learning-based approach, is extensible and requires no feature
engineering, but it lags in training and predictive speed. We apply batching to the TreeGRU model
and use GPU acceleration to make training and prediction fast enough to be usable in our framework.

3.2 Training Objective Function

We can choose from multiple objective functions to train a statistical cost model for a given collection
of data D = {(ei, si, ci)}. A common choice is the regression loss function

P
i(f̂(xi)� ci)

2 , which
encourages the model to predict cost accurately. On the other hand, as we care only about the relative
order of program run times rather than their absolute values in the selection process, we can instead
use the following rank loss function [6]:

X

i,j

log(1 + e� sign(ci�cj)(f̂(xi)�f̂(xj))). (2)

We can use the prediction f̂(x) to select the top-performing implementations.

3.3 Exploration Module

The exploration module controls the search loop, which is summarized in Algorithm 1. At each
iteration, it must pick a batch of candidate programs based on f̂(x) and query f(x) on real hardware.
We cannot simply enumerate the entire space of Se and pick the top-b candidates due to the size
of the search space. Instead, we use simulated annealing [19] with f̂(x) as the energy function.

3

• AutoTVM (Chen et al. 2018)

• CHAMELEON: reinforcement learning + adaptive sampling (Ahn et al. 2020)

• GGA: guided genetic algorithm (Mu et al. 2020)

• DGP-TL: deep Gaussian process + transfer learning (Q. Sun et al. 2021)

• Ansor: program sampler, sketch, annotation (Zheng et al. 2020)

Deep Learning Deployment Methods for GPU
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The structural information is not used

• Structural features: node types, node connectivities, graph topology

• Rely only on statistical features

• Unable to identify task information and distinguish different tasks

The complicated relationships between the features are not considered

• Feature items in the statistical feature vectors are treated equally, despite their
physical meanings and relationships
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Details of GTuner



• Extract structural and statistical features for the annotations

• Graph attention network (GAT): graph neural network, and multi-head self-attention
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• Graph optimization

• represent subgraphs as Intermediate Representations (IRs)
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• Directed Acyclic Graph (DAG) analyzer

• analyze the IRs to construct the optimized subgraphs
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• Generate and sample codes
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• Extract structural and statistical features

• Performance learning via Graph Attention Network (GAT)

DNN
Model

Graph Optimization

KernelData

Out

ConvPool

Act

Con

Data

Kernel

Bias

Data

Out

Pad

Conv

Sum

Act

…
Optimized 

Computational 
Subgraphs

DAG Parser
& Analyzer

Intermediate 
Representations (IR)

Generate 
Kernel Codes

…

Extract Graph 
Structural Features

(GNN)

Extract Code 
Statistical Features

Genetic Algo.
OptimizatorSample Code 

Annotations

MHSA

GPU Optimal
Code

Kernel Code
Sketches

GAT

MLP

Conv

LocalRespNorm

MaxPool

Conv Conv Conv Conv

Conv Conv MaxPool

DepthConcat

Conv Conv Conv Conv

Conv Conv MaxPool

DepthConcat

Conv

MaxPool

LocalRespNorm

Conv

for i�0 in range(None):
for j�0 in range(None):

for ic�2 in range(None):

for jc�2 in range(None):
for k.0 in range(None):

for k.1 in range(None):
for k.2 in range(None):

for i.3 in range(None):

for j.3 in range(None):
C = …

Generated Kernel Code Sketch 1:

[Placeholder: A, B

]

for i�0 in range(None):

for j�0 in range(None):

for ic�2 in range(None):

for jc�2 in range(None):

for k.0 in range(None):

for k.1 in range(None):

for k.2 in range(None):

for i.3 in range(None):

for j.3 in range(None):

C = …

Generated Kernel Code Sketch 2:

[Placeholder: A, B

]

GTuner Flow

14/28



• Genetic-based iterative optimization
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• Define a graph neural network to extract the structural features.

• Use structural features to enhance statistical features.
• The concatenated features are the inputs to the multi-head self-attention.
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• Graph Neural Network (Morris et al. 2019)
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• scaled dot-product attention:

Attn(Q,K,V) = softmax
(

QKT/
√

dk

)
V

Hi = Attn
(

QWQ
i ,KWK

i ,VWV
i

)
,

MHA(Q,K,V) = Concat(H1,H2, · · · ,Hh)WO

Multi-head Attention (Vaswani et al. 2017)
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• Input vector x with length l

• Reshape: xR with shape h × l
h

• Number of heads: h

• xR is used as Q, K, and V

Self-attention
SelfAttn

(
xRWQ

i , xRWK
i , xRWV

i

)

Multi-head Self-attention Module
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Experimental Results



• Platform

• Nvidia GeForce RTX 3090 (Ampere architecture, SM86)
• CUDA Driver 11.4, PyTorch 1.10, and TVM 0.8-dev

• Training set: about 170000 annotations (collected from Inception-V3 and VGG-11)

• Model structure:

• two WL-GCN layers
• a mean pooling layer
• a concatenation layer
• a fully-connected layer (512)
• a four-head multi-head self-attention layer
• an MLP module (output dimensions: 200-100-20-1)

Experimental Settings
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• Spectral graph convolution (SpecGCN, Kipf and Welling 2017)

• a first-order approximation of localized spectral filters on the graphs
• learn filters to represent the nodes in the Fourier domain

• masked attention convolution (MaskGAT, Veličković et al. 2018)

• introduces the attention-based architecture to compute the hidden
representations of the nodes by using masks during information aggregation

• GraphSAGE (Hamilton, Ying, and Leskovec 2017)

• generates embeddings by sampling and aggregating features from a node’s local
neighborhood to improve the generalization abilities to unseen nodes

ResNet-18 Ansor GTuner SpecGCN MaskGAT GraphSAGE

Latency (ms) 1.073 0.923 1.016 1.105 1.168

Experiments – Ablation Studies on Graph Neural Network
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• introduces the attention-based architecture to compute the hidden
representations of the nodes by using masks during information aggregation

• GraphSAGE (Hamilton, Ying, and Leskovec 2017)

• generates embeddings by sampling and aggregating features from a node’s local
neighborhood to improve the generalization abilities to unseen nodes

ResNet-18 Ansor GTuner SpecGCN MaskGAT GraphSAGE

Latency (ms) 1.073 0.923 1.016 1.105 1.168

Experiments – Ablation Studies on Graph Neural Network

22/28



• GNN + MHSA

• MHSA

• GNN + MLP

Table: Performance without GNN or MHSA

ResNet-18 MHSA GNN + MLP GTuner (GNN + MHSA)

Latency (ms) 0.963 1.121 0.923

Experiments – Ablation Studies on Model Structure
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Table: End-to-end Model Inference Latency (ms)

Model PyTorch PyTorch-JIT
AutoTVM Ansor

MHSA GTuner +
(Chen et al. 2018) (Zheng et al. 2020)

ResNet-18 27.180 4.119 1.056 1.073 0.963 0.923 (13.98%)
ResNet-34 48.988 5.929 1.180 0.968 0.907 0.872 ( 9.92%)

SqueezeNet 16.658 3.648 0.311 0.207 0.201 0.197 ( 4.83%)
MobileNet 30.324 6.972 0.513 0.242 0.252 0.227 ( 6.20%)
+ Ratios are performance improvements compared with Ansor.

Table: Time Costs (minutes) of the Optimization Processes

Model AutoTVM Ansor MHSA GTuner

ResNet-18 65.22 45.57 45.95 46.94
ResNet-34 54.86 46.66 48.89 50.71

SqueezeNet 63.90 43.53 44.40 45.91
MobileNet 61.60 42.88 43.80 44.20

End-to-end Performance
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